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  More than 30,000 potential Superfund sites have been identified.    Heavy metals 
are contaminants at many of these Superfund sites.    The average cost of cleanup a 
single-typical Superfund site currently stands at $20 million, and it is expected that the 
cost may escalate to $50 million within the next decade.    Problems have already been 
encountered during the inspection of sites, and available technologies have not been 
effective in treating all sites.    Lack of innovative strategies for dealing with 
contaminated soils is a major obstacle to completing Superfund site cleanup.    The 
characteristics of low molecular weight (LMW) organic acids (citric, oxalic, and succinic 
acids) can be utilized as an agent in soil washing and flushing to develop an innovative 
technology in the remediation of the soil contaminated with heavy metals. 
  The objective of the work was the testing of a new remediation technology 
involving soil flushing and washing with LMW organic acids, designed to permanently    
remove heavy metals from contaminated soil at Superfund sited.    Significant amounts of 
heavy metals (Cu, Pb, Zn) were removed and formed soluble metal-organic complexes at 
higher concentrations of organic ligands.    At a citric concentration of 100 mM, over 
70~80% of copper, lead, and zinc were mobilized and all metals extracted were 
complexed with citrate ions as various forms.    Therefore, the use of citric acid to 
remove heavy metals from contaminated soils would be less costly that using EDTA.   
The subsequent pH elevation by hydrated lime, Ca(OH)2, causes the decomplexation of 
Pb-citrate and initiates precipitation of lead hydroxide.    Results showed that slightly 
alkaline conditions (pH 8.5), which are much lower than that used with EDTA, are 
needed for substantial precipitative removal of the lead. 
  Increasing calcium nitrate concentration significantly improved the Pb(II) 
desorption via a cation exchange reaction,    That is, the time required to recover lead 
from the contaminated soil during a soil column experiment was greatly reduced as the 
concentration of calcium nitrate in the influent was increased.    Varying influent pH had 
little effort on the rate of lead mobilization in the soil columns due to the buffering 
capacity of the soil, which maintained the effluent pH at the soil pH.  The effluent flow 
rate had no effect on mobilizing Pb(II) from the soil. 
  A higher concentration of citric acid resulted in a much faster rate of lead 
mobilization from the contaminated soil.    Differences in lead desorption rates between 
influent pHs of 4.5 and 6 were significantly high.    However, lead desorption curves for 
citrate solution at a lower pH value (pH < 4.5) were nearly identical.    The flow rate of 
effluent has no effect at removing lead in the range of 0.1~1.0 mL/min.  
  Also, lead transport model was developed under the assumption of one-
dimensional flow through a homogeneous porous medium.    A simplified model was also 
developed by assuming no dispersion effect, no immobile aqueous-phase zone, and linear 
desorption kinetics.    An analytical solution of the simplified equation was obtained by 
solving a partial differential equation.    The computer simulations were fitted to 
experimental data using estimates for model parameters which were not obtainable 
independently in experiments.    At higher concentrations and pH of the influent, this 
model presented here fitted well with the experimental data. 
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THE MOBILIZATION OF HEAVY METALS FROM CONTAMINATED SOIL 
USING LOW MOLECULAR WEIGHT ORGANIC ACIDS 
 
 
CHAPTER I: 
INTRODUCTION 
 
Background 
 
  Early remedial actions for contaminated soils consisted primarily of excavation 
and removal of the contaminated soil from the site for disposal at a hazardous waste 
landfill.    Congress has recently enacted legislation that prohibits the land disposal of 
hazardous waste unless USEPA determines otherwise (i.e., Hazardous and Solid Waste 
Amendments (HSWA)) and encourages permanent treatment of contaminated substances 
(i.e., Superfund Amendments and Reauthorization Act) (Chambers et al., 1990). 
More than 30,000 potential Superfund sites have been identified.    Heavy metals are 
contaminants at many of these Superfund sites.    The average cost of cleanup a single-
typical Superfund site currently stands at $20 million, and it is expected that the cost may 
escalate to $50 million within the next decade (Patel et al., Nov. 1990).    Problems have 
already been encountered during the inspection of sites, and available technologies have 
not been effective in treating all sites.    Lack of innovative strategies for dealing with 
contaminated soils is a major obstacle to completing Superfund site cleanup. 
  Because of the numerous hazardous wastes with contaminated soils throughout  
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the U.S., metal removal technology is needed for site remediation.    This reason has led a 
number of researchers to study various chemical, physical, and biological methods for 
heavy metals removal from contaminated soils.    To date, many of the laboratory work 
has focused on the extractive capacities of organic and inorganic agents because of the 
possibility of metal recovery from contaminated sites.    A number of researchers have 
investigated the effects of various organic acids on metal dissolution from the well-
characterized minerals and contaminated soils.  Previous general evaluations on various 
Superfund sites show that the majority of soils are sand/silt, which are potential 
candidates for soil flushing and washing. Therefore, the characteristics of low molecular 
weight organic acids, such as citric acid, can be utilized as an agent in soil washing and 
flushing to develop an innovative technology in the remediation of the soil contaminated 
with heavy metals. 
  This project emphasizes the testing of a new remediation technology involving 
soil flushing and washing with Low Molecular Weight (LMW) organic acids, designed to 
permanently remove heavy metals from contaminated soils at Superfund sites.    Organic 
acids such as acetic, citric, oxalic, and succinic acids, which are naturally occurring 
organic ligands, were tested to remove heavy metals such as Cu, Pb, and Zn from 
contaminated soil.    Significant amounts of heavy metal were removed and formed 
soluble metal-organic complexes at higher concentrations of organic ligands.    Also, the 
use of citric acid as an organic ligand showed great economic advantages over EDTA on 
lead precipitation and recovery of organic ligand. 
  A variety of solute transport models for organic chemicals have been developed 
over the last decade.    Most of those models were based on the same convective- 
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dispersive transport model.    The differences in those models were found what 
adsorption or desorption models are used in their transport model equations.    To have a 
better remediation performance of lead contaminated soils using citric acid, the fate and 
transport of lead through soils have to be investigated and understood.    This transport 
model was developed under the assumption of one-dimensional flow through a 
homogeneous porous medium.    A simplified model was also developed by assuming the 
no dispersion effect, no immobile aqueous-phase zone, and linear desorption kinetics.   
An analytical solution of the simplified equation was obtained by the Laplace transform 
method.    Computer simulations were fitted to experimental data using estimates for 
model parameters which could not be obtained independently in experiments.    This 
study demonstrated that the use of citric acid as an extracting agent is a possible way of 
increasing lead desorption rates and, consequently, the feasibility of lead remediation of 
contaminated soils. 
  The major benefit derived from this research comes from the effective and 
economical new technology for remediation of heavy metals at Superfund sites.    This 
method involves introducing treatment organic acid into the contaminated ground or soil 
excavation by various means.    Heavy metals dissolved from soil form water soluble 
metal-organic complexes.    These soluble metal-organic complex solutions would be 
sent to wastewater treatment processes using a precipitation method to form the metal 
hydroxide.    The technology, therefore, consists of two parts: (1) in-situ/ex-situ metal 
mobilization and, (2) metal recovery process including recycling of citric acid.    A 
secondary benefit is a better understanding of the processes of adsorption, complexation, 
and dissolution of heavy metals onto/from soils.    A more detailed understanding of the  
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metal dissolution can be obtained from the transport modeling studies.   
 
 
Objectives and Method of Approach 
 
  The general goal of the project was to determine the feasibility of using organic 
acids in the in-situ/ex-situ treatment of soils contaminated with heavy metals such as Cu, 
Zn, or Pb.    The specific objectives of this project and the methods of approach to 
meeting these objectives are outlined below. 
 
Objective 1.  To make synthetic contaminated soils, which are representative of those   
found at Superfund sites. 
  Samples of clean, uncontaminated soil were collected from the OSU 
Horticultural Farm in Corvallis, Oregon which is representative of Willamette Valley soil.   
Metal salt solutions of Cu, Pb, or Zn were mixed thoroughly with the soil samples to 
make the synthetic heavy-metal-contaminated soil.    The treated soils were washed, air-
dried, and stored for further experiments. 
 
Objective 2.  To calculate solution speciations of metal, ligand, and metal-ligand 
complex, respectively. 
  GEOCHEM-PC, which was developed by the University of California at 
Riverside, was used to calculate speciations of metal, ligand, and their complexes of 
interest.        
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Objective 3.  To evaluate various organic acids for mobilization of Cu, Zn, and Pb from 
contaminated soils. 
  Acetic, citric, oxalic, and succinic acids as carboxylic acids from among the 
naturally occurring organic ligands were used for metal mobilization from single metal 
contaminated soil.    For the purpose of batch screening, the test was carried out in an 
orbital shaker.    The equilibrium supernatant solution and treated soil from the above 
experiments were analyzed to measure the total concentrations of each single metal, the 
respective organic acid, and various inherent compounds including Al, Fe, and Si in order 
to predict the metal dissolution from the soil.    Based on the effectiveness of organic 
acids for metal dissolution and the solubilities of metal-organic complexes, citric acid 
was selected for further laboratory-scale column experiments. 
 
Objective 4.  To investigate the advantage of the use of citric acid on mobilization of 
lead from contaminated soil and the recovery of lead from wastewater 
over EDTA. 
  The solution and solid speciations of Pb-EDTA and Pb-citrate in the presence of 
hydrated lime, Ca(OH)2, were calculated by a computer program to determine the extent 
of decomposition of lead-organic complexes and separation of lead. 
 
Objective 5.  To evaluate the effectiveness of calcium nitrate and citric acid on the 
mobilization of lead from contaminated soil in laboratory-scale soil 
column.  
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  Calcium ion was selected to mobilize lead from the contaminated soil by cation 
exchange reaction.    Also, citric acid was used to remove Pb by ligand exchange reaction.   
The batch and column studies were conducted at various experimental conditions of pH's 
and concentrations.   
 
Objective 6.  To develop a transport model for the mobilization of lead from the 
contaminated soil in soil column. 
  Column tests conducted in objective 3 to obtain the detailed data were utilized in 
the development of a model to predict the lead removal from the contaminated soil.   
Lead dissolution from the contaminated soil was modeled as a function of time and other 
variables that significantly affect the removal rate. 
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CHAPTER II: 
  LITERATURE REVIEW 
 
Soil Characteristics and Heavy Metals in Soil 
 
Soil Characteristics 
  Soils are composed of the natural aggregate of mineral grains derived from 
chemical and physical weathering processes combined with constituents derived from an 
organic origin.    Soils are generally not homogeneous and may be stratified due to 
historical variations in the formation process. 
  There are numerous systems for classifying the soil type and constituents.    The 
primary physical parameter used to distinguish soil constituents is grain size and the 
principal constituents are gravel, sand, silt, and clay (Sposito, 1989).    The void structure 
within the soil has a major impact on both the transport and immobilization potential of 
the contaminant metals.    The void structure is highly dependent on the distribution of 
grain size and degree of compaction, which is a function of the soil history.    The size 
and continuity of voids determine the migration paths through the soil.    The resistance 
of the migration paths to soil water flow is called the permeability of the soil.    Clay 
particles, the finest fraction of soils, are composed of both mineral and organic 
constituents.    Clay minerals exhibit physicochemical properties similar to those of plate- 
or sheet-like structures.    Minerals with sheet-like structures can be sub-divided into the 
following groups: kaolinites, illites, and motmorillonites.    These minerals are 
characterized by a negative electric charge on the flat surface of the crystal and by either  
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a positive or negative electric charge on the disrupted crystal edge.    This gives the plate-
like minerals the ability to adsorb cations which are inherently present in the soil water.   
This weak bond plays a role in the overall chemical interactions of cations, organic 
content and hydrous oxide present in the soil. 
  An important factor in the chemical nature of soils is the presence of hydrous 
oxides and cations in soil water.    The predominant, naturally occurring exchangeable 
cations in soil water are Ca, Mg, K, Na, Al, H, Fe, and Mn.    In acid soils Ca, Mg, K, Al 
predominate, while in calcareous soils Ca and Mg are found at most of the exchange sites.   
The sodium ion predominates in salty soils (Sposito, 1989). 
 
Heavy Metals in Soils 
  Metals or metallic compounds are used during the manufacture of a variety of 
products.    As a result, during processing or production operations, industries generate 
waste containing metals.    Table 2.1 shows the major heavy-metal-producing industries 
of metal coatings.    However, the wastes also contain common metals, such as aluminum, 
arsenic, cadmium, chromium, nickel, and silver. 
  Traver (1989) observed that the concentrations of heavy metals in industrial and 
municipal wastes that have contaminated soils and sludges are generally several orders of 
magnitude higher than their concentrations in nature (see Table 2.2).    For example, 
metallic lead and lead compounds are generally the principal contaminants of concern in 
soil and waste deposits in Lead Battery Sites, which concentrations up to approximately 
20 wt% lead in soil have been noted (Royer et al, 1992). Elemental lead, lead sulfate, lead   
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Table 2.1.    Major Heavy Metal Generators 
 
         Industries     Copper     Lead     Zinc 
   Mining and Metallurgy       X       X       X 
   Paints and Dyes       X       X   
   Pesticides         X       X 
   Electrical and Electronic       X       X   
   Cleaning and Duplicating       X       X   
   Chemical Manufacturing       X     
   Explosives       X       X   
   Rubber and Plastics           X 
   Batteries         X   
   Textiles       X     
   Petroleum and Coal           X   
 
 
 
Table 2.2.    Typical Superfund Soil and Sludge Contaminants. 
 
  Heavy Metal  Average (mg/kg)  Maximum (mg/kg)    TTLC 
a (mg/kg) 
      Pb       3,100       61,000       1,000 
      Zn       5,000       67,000       5,000 
      Cd        180        3,000        100 
      As         90         950        500 
      Cu       2,100       52,000       2,500 
      Cr        370          3,000       2,500 
      Ni        200        1,900       2,000 
 
a Total Threshold Limit Concentration   
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oxide, and lead dioxide are predominant species found at contaminated sites.    Sites with 
carbonate generally contain lead carbonate species. 
 
 
Current Remediation Techniques for Heavy-Metal-Contaminated Soils 
 
Soil Flushing 
  One alternative to soil excavation and treatment is to apply a conventional pump-
and-treat method in-situ.    In-situ treatment entails the use of chemical or biological 
agents and physical manipulations which degrade, remove, and mobilize contaminants 
(Freeman, 1988).    In-situ chemical treatment involves the injection or spraying of a 
specific chemical into the subsurface in order to degrade, immobilize, or flush out the 
contaminants.    In many cases a combination of in-situ and aboveground wastewater 
treatment will achieve the most cost-effective treatment at an uncontrolled waste site.    In 
many instances in-situ remediation of contaminated soils and hazardous wastes can affect 
permanent and significant reductions in the volume, toxicity, and mobility of hazardous 
substances. 
  The category encompassing methods for mobilizing heavy metals from the 
contaminated soils is termed soil flushing.    Soil flushing is the washing of contaminants 
from the soil with a suitable solution such as surfactant, chelating agent, and acid/alkaline 
solution.    The method is potentially applicable to all types of soil contaminants (Holden 
et al., 1989).    Soil flushing enables permanent removal of contaminants from the soil 
and is most effective in permeable soils such as sandy soil.    No additional treatments are  
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necessary if the soil flushing process is successful.    However, Chambers et al. (1990) 
showed that there are several disadvantages of using soil flushing, such as: (1) the 
technology introduces a potentially toxic chemical into the soil system, (2) a potential 
exists for solvents to transport contaminants away from the site into uncontaminated 
areas, and (3) a potential exists for incomplete removal of contaminants due to 
heterogeneity of soil permeability. 
 
Soil Washing 
  The soil washing process extracts contaminants from sludge or soil matrices 
using a liquid medium such as water as the washing solution.    This process can be used 
on excavated soils that are fed into a washing unit.    The washing fluid may be composed 
of water, organic solvents, water/chelating agents, water/surfactants, acids, or bases, 
depending on the contaminant to be removed.    EPA's mobile extraction system uses 
water as the washing solution (Raghavan et al., 1989).    Contaminated soil enters the 
system through a feeder, where oversized nonsoil materials and debris that can not be 
treated are removed with a coarse screen.    The waste passes into a soil scrubber, where 
it is sprayed with washing fluid.    Soil particles greater than 2 mm in diameter are sorted 
and rinsed, leave the scrubber, and are dewatered.    The remaining soil enters a chemical 
extractor, where additional washing solution is passed countercurrent to the soil flow, 
removing contaminants.    The treated soils are then dewatered.    The remainder of the 
process is a multi-step treatment for removal of contaminants from the washing solution 
prior to its recycling.    The treatment is generally accomplished by conventional 
wastewater treatment systems depending on the type of contamination.  
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Solidification/Stabilization   
  Solidification/Stabilization (SS) techniques have been widely used in low-level 
radioactive waste disposal.    Their application to hazardous wastes is becoming more 
common, however, and many companies are studying and developing processes that are 
directly applicable of this technology.    The most significant challenge in applying 
solidification/stabilization treatment in-situ for contaminated soils is achieving complete 
and uniform mixing of the solidifying/stabilizing agent with the soils.    The actual 
mechanism of binding, which depends on the type of stabilization process, can be 
categorized by the primary stabilizing agent used: cement-based, pozzolanic- or silicate-
based, thermoplastic-based or organic polymer-based.    The SS technologies have been 
most widely successful when applied to inorganic waste streams.    Before stabilization, 
the waste slurry or sludge may be pretreated to adjust pH and insolubilize heavy metals 
thereby reducing their mobility.    The high alkalinity of most cements and setting agents 
will serve to neutralize acidic leachate, keeping heavy metals in their insoluble and less 
mobile form.    The disadvantages of this treatment technology are as follows: (1) the 
volume of treated materials may increase with the addition of reagents, (2) delivering 
reagents to the subsurface and achieving uniform mixing and treatment in-situ may be 
difficult (Chambers et al., 1990). 
 
 
Chemistry of Heavy Metals in Soil 
 
  Evans (1989) found that heavy metals which are added to soils react with the soil  
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components in variety of ways.    Two major mechanisms are known to be involved in 
the retention of metals by soils.    First, metals may be retained by adsorption reactions 
involving the formation of either inner sphere or outer sphere complexes with the 
surfaces of minerals and organic constituents.    Secondly, they may be retained by 
precipitation reactions leading to the formation of new secondary mineral phases.    If the 
content of a soluble metal in solution is high enough, the precipitation of secondary 
phases can occur.    The reaction mechanisms and rates are dependent upon the type and 
amount of the organic matter, clay, and hydroxides present in soil.    Additional factors 
include the concentration of exchangeable cations, pH, oxidation-reduction potential, and 
moisture content of soil. 
  It is convenient to consider two broad categories, distinguished by whether solid 
phase dissolution is required to effect metal release.    Metals that are displaceable 
without substrate dissolution are termed 'adsorbed' (Miller et al., 1986).    This fraction 
may include water soluble, exchangeable, specially and physically sorbed and organically 
bound metals.    Metals requiring solid phase dissolution for release into solution are 
called 'structural' (Miller et al., 1986).    This structural fraction includes metals present as 
precipitated compounds (e.g., hydroxides, carbonates, sulfides) and bound to Fe/Mn 
oxides through occlusion, chemisorption, or coprecipitation.    Generally, more than half 
of the total heavy metals in soils are present in non-labile fractions.    For example, the 
types of lead species found in Superfund sites are usually PbSO4(CO3)2(OH)2, 
PbSO4/PbO, PbS, or PbCO3 (Traver, 1989).    The extractability has been described 
according to which type of extraction agent will remove the bound metal which 
corresponds to a specific soil-metal binding mechanism or the chemical state of the metal.  
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Surface Complexation 
  Hydrous oxide as well as all natural solids found in aquatic and terrestrial 
environments contain ionizable functional groups.    In the presence of water these 
surface groups are capable of accepting or giving up protons, depending on the pH of 
their surroundings (Bourg, 1988). 
 
      -SOH ⇄ -SO
- + H
+  (2.1) 
      -SOH + H
+ ⇄ -SOH2
+  (2.2) 
 
Where the -S describes surface species.    Surfaces are thus positively charged at low pH 
and negatively charged at high pH.    Thus reaction in which the proton is replaced by a 
metal ion or a ligand exchanges for the hydroxyl surface moiety is equivalent to the 
formation of surface inner sphere complex, and similar reactions where the adsorbing 
species bridges across a chemisorbed water molecule represent a surface ion pair 
complex. 
  The adsorption of metal cations (M
z+) can be interpreted in terms of competition 
with protons for surface sites, according to the following equation: 
 
      -(SOH)n + M
z+ ⇄ -(SOnM
(z-n)) + nH
+  (2.3) 
 
where, for steric reasons, n is equal to only 1 or 2. 
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Metal Complexation 
  An important characteristic of a metal-organic complex is its formation constant.   
The value provides a quantitative measure of the affinity of the metal for the ligand.   
Numerical values of formation constants for metal-organic compound complexes are of 
considerable value in predicting the behavior of heavy metals in soils and natural water.   
Snoeyink and Jenkins (1980) observed that the complexation reaction of a metal ion, M
m+, 
with an anionic ligand, L
l- to form a complex can be presented as follows: 
 
      aM
m+(aq) + bL
l-(aq) ⇄ MaLb
am-bl(aq)  (2.4) 
 
where the equilibrium or stability constant can be expressed as: 
 
 
Chelating and complexing agents in solutions are of great interest primarily because of 
their interaction with heavy metals holding them in solution.    The major effect resulting 
from complexation is a dramatic increase in the solubility of the heavy metal ion, a 
phenomenon which is particularly evident for strong complexing agents as citric acid, 
EDTA, and NTA.    The relevant precipitation and equilibria reactions for the metal-
hydroxide-chelating agent system are summarized below: 
 
  K = 
[MaLb]am-bl
[Mm+]a[Ll-]b  (2.5)  
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 Precipitation of metal hydroxide: 
 
      M
2+ + 2OH
- ⇄ M(OH)2 (s)  (2.6) 
 
 Complexation of metal ion with hydroxide ion: 
 
      M
2+ + OH
- ⇄ MOH
+  (2.7) 
      MOH
+ + OH
- ⇄ M(OH)2
o  (2.8) 
      M(OH)2
o + OH
- ⇄ M(OH)3
-  (2.9) 
      M(OH)3
- + OH
- ⇄ M(OH)4
2-  (2.10) 
 
 Complexation of metal ion with chelating agent: 
 
      M
2+ + L
n- ⇄ ML
2-n  (2.11) 
      ML
2-n + H
+ ⇄ MHL
3-n  (2.12) 
      ML
2-n + OH
- ⇄ MOHL
1-n  (2.13) 
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Adsorption of Metal Complexes 
  It was assumed until recently that the chemical speciation of trace metals is the 
result of complexation between adsorption and solution complexation.    Increasing 
amounts of complexing agents could therefore remobilize adsorbed trace metals.    There 
is now, however, substantial evidence that adsorption involves not only free ions, but also 
inorganic and organic complexed forms.    Adsorption behavior of the metal complex is 
similar or completely different from that of the free metal ions.    The quantity of metal 
adsorbed decreases with pH, the adsorption is ligand-like, the opposite way is free ion-
like. 
  The speciation and the mobility of trace elements in natural systems is not an 
easy subject to predict even qualitatively.    All significant parameters must be included 
in the evaluation of special importance is the relative contribution of the various reactions.   
The complexity of natural aquatic and terrestrial systems can be easily illustrated by the 
study of much simpler systems: one metal, one surface, and one organic ligand. 
 
 
Sequential Extraction of Metals from Soils 
 
  Sequential extraction or fractionation of trace metals from soils and sediments is 
a useful technique for determining chemical forms of metals in soil materials.    Such 
information is potentially important in predicting bioavailability, metal leaching rates, 
and transformations between chemical forms in agricultural and polluted soils. 
  The primary problem in devising extraction methods for metals of interest is to  
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select the reagents that are effective in solubilizing a given form of the element from the 
soil, and that are also relatively selective for that particular form.    Miller et al. (1986) 
suggested the most appropriate sequential methodology for extracting different forms of 
Cu, Fe, and Mn.    The reagents employed and chemical forms solubilized with 0.5 g 
sample weights are listed in Table 2.3. 
 
 
Effectiveness of Organic Acids on Mobilization of Heavy Metals 
 
  A wide variety of low molecular weight (LMW) aliphatic organic acids have 
been identified, including oxalic, citric, formic, acetic, succinic acids.    Organic acids 
such as citric, succinic, and oxalic, which form relatively stable complexes with metals 
will have a greater potential to mobilize metals from soils than those that do not form 
stable complexes, such as formic and lactic acids.    Because LMW organic anions 
function as organic ligands, they can increase mobilization of heavy metal from 
contaminated soils by (i) replacing metal sorbed at soil surfaces through ligand-exchange 
reactions, (ii) dissolving metal-oxide surfaces that sorbed metal/radionuclide, and (iii) 
complexing metal in solution. 
  McBride (1989) found that the effectiveness of organic acids in metal dissolution 
depends on a number of factors, including their concentration and reactivity.    On the 
basis of chemical reactivity, organic acids can be divided into two groups: (1) -COOH 
and (2) -COOH with phenolic-OH groups.    In the latter group of acids are fulvic and 
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Table 2.3.    Sequential Method in Extraction of Metals from Soils 
 
  Metal Forms  Chemical Reagents  Run Time
+ 
Soluble  20-mL distilled water     16 h   
Exchangeable  20-mL 0.5 M Ca(NO3)2     16 h 
Pb-displaceable  20-mL 0.01 M Pb(NO3)2 + 0.1 M 
Ca(NO3)2 
   16 h 
Acid soluble  20-mL 0.44 M CH3COOH + 0.1 M HNO3      8 h 
Mn oxide occluded  20-mL 0.01 M NH2OH.HCl + 0.1 M 
HNO3 
  30 min 
Organically bound  20-mL 0.1 M K4P2O7     24 h 
Amorphous Fe oxide 
occluded 
20-mL 0.175 M (NH4)2C2O4 + 0.1 M 
H2C2O4 in darkness 
    4 h 
Crystalline Fe oxide 
occluded 
25-mL Oxalate at 85
oC under UV 
irradation 
    3 h 
Residual  HF Acid + Aqua Regia      2 h 
 
+ on an end-over-end shaker at 30 rpm  
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humic acids.    These have a strong chelation capacity, that is, they are very effective in 
the dissolution of soil minerals, however, the resulting complexes have very low 
solubilities.    Hence, they tend to precipitate out of solution almost as soon as they are 
formed.    Kramer and Allen (1988), and Tan (1986) discussed the importance of type and 
position of functional group on organic acids in metal complexation reactions from 
primary minerals.    Schnitzer and Kodana (1976), Schnitzer and Khan (1972), and 
Stevenson (1985) have studied the metal-organic interactions with fulvic and humic acids 
in soils. 
 
 
Mechanisms and Kinetic Modeling of Metal Dissolution 
 
  For release of non-specifically adsorbed metals by organic acids in the form of 
HxL (Linn and Elliott, 1988), this interaction can be expressed as: 
 
      S-M + A
2+
⇄ S-A + M
2+  (2.14) 
      M
2+ + HxL ⇄ MHx-1L
+ (aq) + H
+  (2.15) 
 
where S represents the soil surface, M is the divalent metal, and A is the metal present in 
solution. 
  Conceptually, the organic ligand enters into a surface complexation reaction, 
which is then followed by detachment of the metal-organic complexes into solution.   
Linn and Elliott (1988) observed that the release of structural metals as a form of metal  
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hydroxide, which is called weathering or dissolution of the mineral, can be represented as 
follows: 
 
  S-MOH + HxL ⇄ S-MHx-1L + H2O ⇄ S-OH + MHx-2L (aq) + H
+  (2.16) 
 
The release of heavy metals from the contaminated soils by organic acids can be 
expressed by the following equation (Pohlman and McColl, 1986): 
 
      -rA = - dMA/dt = kMA
n(HxL)
m  (2.17) 
 
where k is the rate constant, MA is the amount of undissolved metal at time t, n and m 
indicate the reaction order, and HxL is the concentration of organic acid at time t.    If the 
concentration of organic acid remains high, Eq. (2.17) can be simplified by introducing 
new rate constant, k
*.   
 
      -rA = -dMA/dt = k(HxL)
mMA
n = k
*MA
n  (2.18) 
 
Adsorption of low molecular weight organic compounds onto soil surfaces affects the 
dissolution of heavy metal from soil surfaces.    Anionic organic compounds adsorb to 
most structural metals in soils, impacting a net negative charge to the soil surfaces.   
Complexation of metal centers on soil surfaces by organic compounds can accelerate 
rates of heavy metal dissolution.    Furrer and Stumm (1983) observed the metal 
dissolution rate in the presence of organic ligand (HxL) becomes as:  
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      -rA = kH{S-MOH2
+}
n + kL{S-ML}
m  (2.19) 
 
where kH and kL are the rate constants, n and m are the reaction orders, {S-MOH2
+} is the 
structural metal concentration, and {S-ML} is the ligand concentration bound to the soil 
surface.    The first term in Eq. (2.19) represents the acid-promoted dissolution of metals, 
and the second indicates ligand-promoted dissolution. 
 
 
Geochemical Computer Program 
 
  Many geochemical computational codes have been developed.    Over time, 
computer program developments have continued, and improved versions of the various 
programs have been released.    Some of major computer-based geochemical codes are 
described in more detail below. 
 
MICROQL 
  It can be operated on any microcomputer with BASIC 2.0 and BASIC Ext. 2.1 
language system.    MICROQL, which is limited by its thermodynamic data base and 
ideal equilibrium case, is a kind of educational tool for students in school.   
 
MINTEQ 
  MINTEQ computes chemical equilibria in aqueous solutions, gases, and solids.    
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The thermodynamic database contains information on numerous species.    This code 
allows computation of ion speciation, activity coefficients, adsorption, and mass transfer.   
It is a partial descendent of WATEQ. 
 
EQQYAC 
  This code consists of a main program and four subroutines.    One subroutine 
computes temperature-dependent activity coefficients using Debye-Hückel theory.   
Another contains expressions for mass action equilibrium constants.    EQQYAC uses the 
ion-association model.    Activity coefficient depends on total concentration assuming 
less than 1 molar.    Thermodynamic data include temperature-dependent equilibrium 
constants.    EQQYAC has been used to calculate equilibrium concentrations of inorganic 
ions in a geothermal reservoir. 
 
GEOCHEM-PC 
  GEOCHEM-PC is a descendent of the multi-purpose chemical speciation 
program GEOCHEM, which has been widely used by soil and environmental chemists.   
For each component of a soil solution, if appropriate, surface charge conditions are 
incorporated into the terms of this equation according to mass conservation.    The 
solution of the set of nonlinear algebraic equations that results from mole balance applied 
to all the components simultaneously ultimately provides the concentration of each 
dissolved, solid, and adsorbed species in the system under consideration.    In 
GEOCHEM-PC, chemical components are identified as uncomplexed metals and ligands.  
The mole balance equation for a metal M, in the absence of precipitation-dissolution  
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phenomena, is written in the form (Sposito, 1984): 
 
      MT = [M
m+] +  Kʱγβ [M
n+]
ʱ [H
+]
γ [L
l-]
β  (2.20) 
 
where MT is the total concentration of the metal, [ ] refers to a concentration in mol/L, 
Kʱγβ is the conditional stability constant for the complex, MʱHγLβ, H refers to the proton, 
and L refers to a ligand. 
  Some typical applications of GEOCHEM-PC include: (1) prediction of the 
concentrations of inorganic and organic complexes of a metal cation in a soil solution, (2) 
calculation of the concentration of a particular chemical forms of a nutrient in the soil, (3) 
prediction of the fate of a fertilizer or pollutant added to a soil of known characteristics, 
and (4) estimation of the effect of changing pH, pE, ionic strength, CO2, pressure, water 
content or the concentration of some elements on the solubility of a chosen chemical 
element in a soil. 
  Thermodynamic data at 25
oC and 1 atm pressure are stored in the data file of the 
program for combinations between 40 metals and 83 ligands that are of interest in soil 
solutions.    Corrections for ionic strength (IS) up to 3M can be made.    In GEOCHEM-
PC, the infinite-dilution, activity-based equilibrium constants from the thermodynamic 
database are converted to concentration constants with single-species activity coefficients 
for each reactant and product species.    When the ionic strength is < 0.5 M, the Davies 
equation is used to estimate activity coefficient of charged species, while a modification 
of the Helgeson equation is invoked for systems in which I > 0.5 M.    When ionic  
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strength is computed from the input data, the conditional equilibrium constants are 
recomputed after each program iteration if the current value of IS differs from that of the 
previous iteration by more than 0.5%.    Thus, convergence is not reached until the 
computed speciation, the IS, and the conditional constants are stable and self-consistent. 
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CHAPTER III: 
  EXPERIMENTAL 
 
Materials 
 
Collection and Preparation of Soil 
  Approximately 50 kg of uncontaminated soil were collected from a depth of 2 ft 
at the OSU Horticultural Farm.    The taxonomic name of the soil is Pachic Ultic 
Agrixeroll and is the typical soil found in the Willamette Valley.    When sufficiently air-
dried, the soil was put through a 2.3-mm sieve.    Table 3.1 shows the chemical and 
physical properties of Willamette soil prepared by Huddleston (1988).    Twenty liters of 
heavy metal solutions containing a single-metal such as 10 mM of CuSO4, PbCl2, or 
ZnSO4, respectively, were mixed into 20-L cylindrical pyrex bottle thoroughly with 4 kg 
of soil samples for 24 hr to make the synthetic heavy-metal-contaminated soil by 
adsorption and/or precipitation phenomena.    The contaminated soils were then washed 
with deionized water three times to minimize metal (Cu, Pb, Zn) solution present.    The 
soil was then air-dried and put through a 2.3 mm sieve.    It was then sealed in plastic 
bags, placed in a container and stored in the refrigerator for further use. 
 
Chemicals and Laboratory Supplies 
  Laboratory grade chemicals were employed during this study.    No attempt was 
made to purify or pretreat any of them prior to use.    Besides the chemicals,     
    27 
       Table 3.1.    Characteristics of Willamette Soil 
 
      Properties       Range    Average 
      Sand, %       2.4 - 3.6      3.0 
      Silt, %       69 - 75     72.0 
      Clay, %       22 - 27     24.5 
    Cation Exchange     
Capacity, meq/100 g 
    18.7 - 16.8     17.8 
  Organic Matter, %       0.8 - 1.2      1.0   
  Organic Carbon, %       1.1 - 0.6      0.85 
     pH (1:1 Water)       5.6 - 6.0      5.8 
     H
+, meq/100 g       7.6 - 9.0      8.3 
     Mg, meq/100 g       2.5 - 3.0      2.75 
     Ca, meq/100 g       7.9 - 8.5      8.2 
     Bulk Density      1.52 - 1.45      1.5 
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standard laboratory equipment including an orbital shaker (Lab-Line Instruments, Inc.), 
FMI and Cole-Palmer peristaltic pumps, a Beckman 21 pH meter, and Corning ion 
analyzer Model 250 installed with a lead selective electrode were extensively used. 
 
 
Analytical Methods 
 
Ion Analyzer 
  An Orion lead selective electrode connected with Corning 250 Ion Analyzer was 
used to measure the concentration of free lead ion (Pb
2+) in solution.    The double 
junction reference electrode was used along with a lead selective electrode.    Specific 
care should be taken to prevent the adsorption of lead ions onto the glass surface.   
Therefore, all laboratory ware used should be made of plastic during the analysis.    The 
stepwise procedure is as follows: 
 
(1)   Prepare methanol-formaldehyde by dropping several drops of 36.8% 
formaldehyde (HCHO) to 1000 mL of reagent-grade methanol (CH3OH). 
(2)   In order to prepare an ionic strength adjuster (ISA), add 70.25 g of NaClO4 
to 100 mL distilled and deionized water (DDW) into a 250-mL 
polypropylene bottle resulting in a 5M of ISA. 
(3)   Prepare 10 mM, 1 mM, and 0.1 mM standard solutions by a serial dilution 
of the 100 mM standard solution. 
(4)   Place the electrode in a 25-mL plastic beaker, which contains the mixture  
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of 5 mL of the standard solution, 5 mL of methanol-formaldehyde solution, 
and 0.2 mL of ISA.    Record the each reading (mV) of standard solution. 
(5)   Transfer 5 mL of each sample to a 25-mL beaker.    Add 5 mL of 
methanol-formaldehyde solution and 0.2 mL of ISA.    Read the mV of 
sample. 
(6)   The electrode should be rinsed and dried after each reading and the sample 
should be stirred thoroughly before reading. 
(7)   Determine the each unknown concentration from the calibration curve (or 
linear regression).       
 
Atomic Absorption Spectrophotometer 
  The metal content of the leachate and digested solids samples were analyzed by a 
Perkin-Elmer Model 5000 Atomic Absorption Spectrophotometer (AAS).    The standard 
conditions for the AAS analysis of the metals studied (Cu, Pb, Zn) are given in Table 3.2.   
Each of these metals requires the use of an air-acetylene flame for analysis.    If a sample 
concentration was outside the linear range for a particular metal, the sample was diluted 
by a Brinkmann digital Diluter Model 9200 with DDW.    The step-wise procedure is as 
follows:  
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  Table 3.2.    Standard Conditions of AAS Analyses 
 
  Metal  Wavelength 
   (nm) 
Slit Width 
   (nm) 
Flame Type  Linear Range 
   (ppm) 
  Al     309.3     0.7     A-N
b    100.0 
  Cu     324.8     0.7     A-A
c      5.0 
  Fe     248.3     0.2     A-A      2.0 
  Pb
a     283.3     0.7     A-A     20.0 
  Si     251.6     0.2     A-N    150.0 
  Zn     213.9     0.7     A-A      1.0 
 
a: Electrode-less Discharge Lamp (EDL) used 
b: Acetylene-Nitrous Oxide Fuel 
c: Air-Acetylene Fuel  
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(1)  Switch "standby" to "run", wait for keyboard to light up. 
(2)  Put the appropriate lamp in a slot. 
(3)  Check the lamp or box for lower number for energy continuous then "lamp 
ma". 
(4)  Be sure correct burner head is in place, lower head so that it does not 
interfere with the beam. 
(5)  Set "lambda peak" and "slit width" from the manual. 
(6)  Press "setup" and optimize beam in 3-directions, keyboard should register 
the highest possible value.    When finished, press "setup" again. 
(7)  Put fan on and turn air and gas on. 
(8)  Align burner head to just below beam (put it as high as it can go while 
registering "0" on the keyboard. 
(9)  Check oxidant and fuel, those should be 40 and 20, respectively. 
(10)  Flame on and warm up the head for 10 min. 
(11)  Check absorbance of standards and get sensitivity as high as possible. 
(12)  On keyboard press "hold", "conc", "t", "print", "avg". 
(13)  Aspirate samples and record readings. 
   
Digestion of Soil Sample Using 48% HF Acid 
  Each untreated sample of contaminated soil was prepared for subsequent analysis 
using 48% HF acid.    A 0.5 g dried sample was added to a preweighed 250-mL 
polypropylene bottle along with 5 mL of aqua regia (3 conc. HCl/conc. HNO3).    After 
shaking momentarily, 5 mL of 48% HF acid was added to the bottle using a  
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polypropylene pipette, which was then capped and left over night to dissolve all of the 
sample.    The next day, 50 mL of a saturated boric acid (H3BO3) was added to the 
sample.    After cooling, 40 mL of distilled water was added to the bottle, which was then 
ready for further analysis by AAS.    The exact weight of the sample and final volume 
(extract) should be recorded for further correction of metal concentration.    Triplicate 
runs were carried out to determine the total metal content in contaminated soil. 
 
 
Soil Mechanics Definitions 
 
  Referring to Figure 3.1-A, we have a volume of soil removed from a field 
location.    Further, it is assumed that the soil was removed in the form of a cube with 
lateral dimensions of 1 cm (volume = 1 cm
3).    Actually it would be difficult to do this in 
practice, but for illustrating the volume-weight relationships that follow, we shall assume 
that we could remove this soil volume as a perfect cube.    This cube is made up of a soil 
skeleton with water and air in the interstices, or pores, between contact points of the soil 
particles.    It should be evident that, depending on the location of the cube of the soil in 
the field (in situ) and on climate factors, the quantity of water and air can vary from all 
the pores full of water and no air present to all the pores full of air and no water.   
Depending also on the instantaneous temperature, the water could be present as ice or as 
an ice-water mixture.    A block diagram as shown in Figure 3.1-C should always be used   
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Figure 3.1  Soil Volumetric-Gravimetric Relationship (A) Cube of Soil Removed from 
Ground, (B) Soil Grains Forming Pores Partially Filled with Water, and (C) 
Two Dimensional Block Diagram Showing Volumetric and Mass 
Relationships for the Original Soil Volume.  
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when deriving any volumetric-gravimetric relationships.    This provides an easy means 
to identify both what is known and desired quantities. 
where ε = void fraction, η = porosity, w = water content, Va = volume of air present in a 
soil mass, Vs = volume of soil solids in a soil mass, Vt = total volume of a soil mass = Vs 
+ Vw + Va, Vw = volume of water in a soil mass, Vv = volume of voids in a soil mass = 
Vw + Va 
 
 
The Use of GEOCHEM-PC Computer Program 
 
  One of the most common applications of GEOCHEM-PC is the calculation of the 
distribution of metals and ligands among several possible inorganic species in an aqueous 
solution.    In this case, no solid phases are involved and the computation of the 
equilibrium speciation of the solution requires only a partitioning of each metal and 
ligand present into free ionic and inorganic complex forms according to the equations of 
mole balance using the thermodynamic complex stability constants that are appropriate 
for the system. 
  GEOCHEM-PC can be run in either of two modes for data input: (1) strictly 
interactive mode where all input data are entered in response to questions posed by the 
program, or (2) a data file input mode.    For either mode, GEOCHEM-PC is started by 
  ε = 
Vv
Vs
   ,   η = 
Vv
Vt
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an execution file, GEORUN.    The program asks whether interactive or file input is 
desired.    All chemical speciation calculations for this project were performed using the 
interactive input mode.    The master example file (MASTEXPL.DAT) illustrates the 
required format, as well as how the various options are specified during input (see Figure 
3.2).    The output from a single program run consists of one ASCII file containing a 
number of tables.    The tables include the summary of the program run, list of all of the 
thermodynamic stability constants used, the case progress table, tables of concentrations 
and/or activities of soluble complexes, the overall speciation table, and the primary 
distribution table. 
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Figure 3.2.    Master Example of GEOCHEM-PC Program Input Data File 
 
 
LINE 1. Input file for GEOCHEM-PC, v. 2.0.    A descriptive comment follows. 
This is a master example data file for GEOCHEM-PC, version 2.0. 
LINE 3. Maximum number of iterations: usually 25 to 50 
50 
LINE 4. Convergence criterion: usually 1.0e-4 
1.0e-4 
LINE 5. Number of metals to be considered, including H+ 
3 
LINE 6. Number of ligands to be considered, including OH- 
2 
LINE 7. Number of cases to be run (1 to 10) 
2 
LINE 8. 0=solids can ppt.; -1=none allowed; n=number to be imposed/disallowed 
0 
LINE 9. pH control: f = fixed pH;    c = pH is calculated by GEOCHEM 
c 
LINE 10. Redox reactions to be considered?    y = yes    n = no 
n 
LINE 11. Mixed solids to be considered?    (y or n) 
n 
LINE 12. Ionic strength to be fixed? y = fixed; n = calculated by GEOCHEM 
n 
LINE 13. Interaction output: 0=none; 1=capacities; 2=intensities; 3=both 
0 
LINE 14. Output case progress table (y or n)? 
y 
LINE 15. Output for complexes?: 0=none; 1=concentrations; 2=activities; 3=both 
2 
LINE 16. Output overall speciation table (y or n)? 
n 
LINE 17. Output primary percentage distribution of species table (y or n)? 
n 
LINE 18. Output table(s) of conditional log K's (y/n)? 
n 
LINE 19. Fixed or guessed ionic strength (mol/L): 
0.010 
LINE 20. Metals: code no., -log of free metal guess (1st case), and each case 
1 3.1 3.000 3.000 
5 2.7 2.678 2.678 
LINE 21. Ligands: code no., -log of free ligand guess (1st case), and each case 
1 4.0 2.301 2.301 
LINE 22. pH for each case: measured; or guesses when pH calculated by GEOCHEM-PC 
7.000 8.000 
LINE 23. TOTH: total H+ (mol/L); used only for calculated pH (neg. value = OH-) 
5.00e-4 -5.00e-4 
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  ABSTRACT 
 
  The speciation of metal ions, organic ligands, and their complexes in natural 
water is a subject of considerable interest in the soil remediation field.    The objective of 
this work was to present sufficient background information of metal ions, ligand anions, 
and metal complex formation with ligands in the mobilization of heavy metals from 
contaminated soil using organic acids.    Speciation calculations performed by 
GEOCHEM-PC gives an estimation of the fate of metal, organic and inorganic ligands in 
leachate.    It tells about the possible compounds in solution and their amounts, given the 
total concentration of the metals and ligands.    The results obtained from speciation  
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calculations indicate that each heavy metal in solution shows different characteristics 
based on the distribution of free metal ions as a function of pH.    The two most important 
fractions of heavy metal speciation are the free metal ion and solid form as a metal 
hydroxide.    Higher values of pH favor the formation of solid metal hydroxide.    Also, 
the organic ligands consist of free ligand anions and complex forms with protons which 
vary with solution pH.  
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  INTRODUCTION 
 
  In aqueous solution, free metal ions are complexed with water.    The interaction 
of these hydrated metal ions with acids and bases is a ligand exchange reaction that is 
commonly called hydrolysis.    This type of reaction involving hydrated metal cations as 
the proton donors or acids occurs readily and is of extreme importance in natural waters.   
In the field of natural water chemistry, the term hydrolysis is defined as the process by 
which water reacts with metal ions to form hydroxo complexes.    Complex formation is 
important in the chemistry of natural waters and wastewaters from several standpoints.   
Complexes modify metal species in solution, generally reducing the free metal ion 
concentration so that effects and properties which depend on free metal ion concentration 
are changed.    These effects include the modification of solubility, the toxicity of metals, 
the modification of surface properties of solids, and the adsorption of metals from 
solution.
1 
  A wide variety of naturally-found chemical species also act as bidentate and 
tridentate chelates.    Some simple examples include oxalic acid and citric acid.    More 
complex ones are provided by polymeric "humic" and "fulvic" acids which contain 
multiple ligand groups that are oriented sufficiently closely that they can simultaneously 
bind to a single metal ion. 
  Although the soil solution is an open, dynamic, natural water system whose 
composition reflects many reactions occurring simultaneously among its aqueous 
constituents and between those constituents and the assembly of mineral and organic 
solid phases present.    A knowledge of the general features of soil trace metal equilibria  
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is expected to be a useful guide to predicting what will occur in nature if contamination 
takes place.    These general phenomena can not be assessed conveniently by laboratory 
experiments because of the complexity of soil solutions.    A more viable approach to 
predicting metal solution behavior is the use of a computer model that is based on 
thermodynamic and solubility product constants.    Many geochemical computational 
codes have been developed to calculate equilibrium speciation of chemical elements in 
soil solutions.
2,3  Over time, computer program developments have continued, and 
improved versions of the various programs have been released.    This work presents 
sufficient information about the distribution of free metal ion, free ligand anion, and 
metal complex formation with ligands in solution based on the calculations of 
equilibrium speciations using the computer program GEOCHEM-PC.  
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  EXPERIMENTAL APPROACH 
 
  Studies involving heavy metals speciation in aqueous solution requires the values 
of stability constants of complexes of the metals with a number of inorganic and organic 
ligands which exist in these environments.    Currently, GEOCHEM-PC includes the 
thermodynamic database files (GEODAT-A.MET and GEODAT-A.LIG) which contain 
estimated stability constants of various metals and ligands.   
  The output from a single program run consists of one ASCII file containing a 
number of tables.    The tables include the summary of the program run, list of all of the 
thermodynamic stability constants used, the case progress table, tables of concentrations 
and/or activities of soluble complexes, the overall speciation table, and the primary 
distribution table.    The Table 4.1 shows the output file from GEOCHEM-PC in the case 
of the speciation calculation of lead in the presence of perchlorate at a total concentration 
of 0.01 M at various fixed pHs. 
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Table 4.1  The Example of GEOCHEM-PC Output 
 
Lead-Perchlorate Speciation Calculation 
 
--------------------------------------------------------------------------------------------------------------------- 
These computations involve      2 metals,    2 ligands,      6 complexes, and      3 possible solids. 
 
Ionic Strength = 1.000E-01 (estimated) 
Ionic strength will be computed for each case. 
 
10 different cases are considered. 
 
THE CONDITIONS FOR THE DIFFERENT CASES ARE: 
 
METAL    CODE #        GUESS          Case 1        Case 2        Case 3        Case 4        Case 5        Case 6       
Pb                15              2.000              1.000        1.000       1.000          1.000          1.000          1.000         
 
LIGAND    CODE #        GUESS          Case 1        Case 2        Case 3      Case 4        Case 5        Case 6       
ClO4            62                  2.000              1.000        1.000          1.000          1.000          1.000          1.000           
 
Fixed    pH                                                4.000        4.200          4.400          4.600          4.800          5.000         
 
Simple solid phases are allowed, but not imposed. 
 
Max. iterations = 50          Convergence criterion = 1.000E-04 
 
          CASE NUMBER    1 
 
          Number of Iterations =      3 
          Number of Iterations =      4 
 
 
          CONCENTRATIONS OF COMPLEXES 
 
  Pb          OH-            5.093    1 0 -1        11.355    1 0 -2        17.497    1 0 -3        24.499    1 0 -4           
                                    8.08E-06                4.42E-12                    3.18E-18                3.17E-25                     
 
                                    4.273    2 0 -1        11.960    3 0 -4 
                                    5.33E-05                  1.10E-12 
 
 
  ** Table    1-D.    PRIMARY DISTRIBUTION OF METALS    AND LIGANDS FOR CASE 
NUMBER    1 ** 
 
  Pb                                                                          ClO4                                                                       
       99.89 % as a free metal                              100.00 % as a free ligand                     
                  .11 % complexed with OH- 
--------------------------------------------------------------------------------------------------------------------- 
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  RESULTS AND DISCUSSION 
 
Metal Speciation 
 
  The hydrous complexes, or hydrolysis products, of the divalent metal ions have a 
dramatic effect on the solubility of these ions.    The presentation of solution speciation 
greatly aids the understanding of the equilibrium.    Speciation of each heavy metal (Cu, 
Pb, Zn) at 0.005 M in solution was calculated as a function pH by a model and is 
presented in Figure 4.1.    The plot is represented in terms of free metal ion and metal 
hydroxide.    The pH range of 4-8 was selected because it covers the vast majority of 
natural aquifers.    The precipitation as a form of metal hydroxide occurs at a pH of 5.0, 
5.2, and 6.8 for Cu, Pb, and Zn, respectively. 
  Based on 0.01 M of lead perchlorate and 0.01 M of lead chloride, each lead 
speciation was evaluated as a function of pH in the presence of perchlorate and chloride, 
respectively (see Figure 4.2).    Ligands differ in their ability to form stable complexes.   
The perchlorate ions show very little tendency to form a complex.    All lead exists as 
free lead ion in solution, while 80% of the total lead is free lead ion in the presence of 
chloride of pH less than 5.2.    For this reason, perchlorate salts are used as swamping 
electrolytes in experiments where it is desirable to have a constant ionic strength or free 
metal ion. 
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Figure 4.1  Metal Speciation in Solution As a Function of pH at a Concentration of 
0.005 M. 
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Figure 4.2  Lead Speciation in the Presence of Perchlorate and Chloride at a 
Concentration of 10 mM, respectively.  
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Organic Acid Speciation 
 
  The speciations of five organic ligands such as acetate, oxalate, succinate, citrate, 
and EDTA in aqueous solution were calculated as a function of pH at 0.1 M of ligand 
concentration.    Figure 4.3 shows the distribution of free ligand into solution as a 
function of pH.    Each organic ligand consists of the free ligand form and complexed 
forms with H
+ depending on their stability constants with protons.    In case of EDTA, the 
complexed forms with protons are dominant species below pH 8.0 because the stability 
constants of EDTA with protons are very high (K=10.24).    The order of the fully 
deprotonated forms (free ligand ion) among the five organic acids is oxalate, acetate, 
succinate, citrate, and EDTA. 
  Also, the speciation of citric acid, a tricarboxylic acid, is shown in Figure 4.4 as a 
function of pH at 0.01 M of citric acid concentration.    Free citrate begins to form at pH 
4.0 and increases with increasing pH.    At lower pH, H3Cit is the dominant species.   
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Figure 4.3  Solution Speciation of Various Organic Ligands As a Function of pH      
at a Concentration of 0.1 M. 
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Figure 4.4  Solution Speciation of Citrate As a Function of pH at a Concentration of 
0.01 M.  
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Metal-Organic Complexes Speciation 
 
  The copper-organic complex species were identified and quantified as a function 
of pH at 5 mM of copper and organic acid, respectively.    A solid species appeared when 
precipitation occurred.     
  Citrate forms strong multiligand complexes (see Figure 4.5).    A complex 
between a multidentate ligand and a cooper ion has a special degree of stability as 
compared to a complex between the corresponding number of bidentite ligands (oxalate 
and succinate) and the same metal ion.    The hydrolysis of these complexes to form 
copper hydroxide requires higher hydroxyl concentration, which the occurrence of 
Cu(OH)2 precipitate extends to approximately a pH of 7.    However, oxalate and 
succinate form relatively weak complexes with copper and practically do not affect the 
hydrolysis of copper (see Figures 4.6 and 4.7).    Similarly, soluble Cu-organic complexes 
are significant in soil solutions.    It is also predicted that approximately 100% of the 
soluble copper would be in the form of Cu-citrate complex and the rest would be present 
as other forms. 
  Also, Figure 4.8 shows lead solution speciation as a function of pH in the 
presence of citric acid in solution.    At a pH less than 6, all lead exists as complexed 
forms with citric acid.    However, the distribution of lead-citrate complex decreases 
significantly as increasing pH, which means that the lead hydroxide as a solid form starts 
to produce in solution. 
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Figure 4.5  Copper-Citrate Solution Speciation As a Function of pH 
at [Cu-Citrate]=5 mM. 
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Figure 4.6  Copper-Oxalate Solution Speciation As a Function of pH   
         at [Cu-Oxalate] = 5 mM. 
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Figure 4.7  Copper-Succinate Solution Speciation As a Function of    
pH at [Cu-Succinate] = 5 mM. 
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Figure 4.8  Lead-Citrate Solution Speciation As a Function of pH at   
[Pb-Citrate]=5 mM.  
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  CONCLUSIONS 
 
  Speciation calculations are of great importance in understanding the behavior of 
heavy metals and organic acids in aqueous solutions.    The precipitation of Cu, Pb, and, 
Zn as a form of metal hydroxide occurred at a pH of 5.0, 5.2, 6.8, respectively.    Also, 
the organic ligands contain two major species, which are the free ligand anion and the 
complex forms with protons. 
  Similarly, heavy metals form complexes with organic ligands in soil solution.    It 
is predicted that certain amounts of the soluble copper would be in the form of Cu-ligand 
complex and the rest would be present as other forms.  
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ABSTRACT 
 
  Batch laboratory-scale experiments were carried out to determine the effectiveness of 
oxalic acid in mobilizing of heavy metals (Cu, Pb, Zn) from contaminated soils.    Since 
the direct measurement of the all species extracted by the organic acid is not possible, the 
speciations of Cu, Pb, and Zn in the presence of oxalate were calculated for the primary 
distributions of metal and oxalate in solution using a computer program of GEOCHEM-
PC. 
  Significant amounts of copper and zinc were removed from contaminated soil at a 
higher initial concentration of oxalic acid in solution.    However, oxalic acid as an    
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extracting agent was not very effective at removing lead from the contaminated soil due 
to the low solubility of the lead-oxalate complex.    The results of speciation calculations 
indicated that almost all of Cu, Pb, Zn extracted from the soil existed as complexed forms 
with oxalate in solution.     
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INTRODUCTION 
 
  Many of the most active complexing substances in soil are low molecular weight 
organic (LMW) acids and phenols.    Living plants and indigenous microbes contribute 
organic acids to the soil in root exudates and from degradation of the complexed humic 
acid.    The soil solution contains a range of aliphatic acids, including oxalic and citric 
which are effective in dissolving amorphous iron oxides in soil.    Because LMW organic 
anions function as organic ligands, they can increase mobilization of heavy metals from 
contaminated soils through a ligand exchange reaction. 
  The effectiveness of organic acids in metal dissolution depends on a number of 
factors, including their concentration and reactivity.
1  On the basis of chemical reactivity, 
organic acids can be divided into two groups: (1) -COOH and (2) -COOH with phenolic-
OH groups.    In the latter group of acids are very complex forms such as fulvic and 
humic acids.    A number of authors have investigated the effects of various organic acids 
on metal dissolution from well-characterized silicate minerals and contaminated soils.
2-5  
Other studies have also discussed the importance of type and position of functional group 
on organic acids in metal complexation reactions from primary minerals.
6,7  Most of the 
organic-metallic interactions in soils have been conducted with fulvic and humic 
acids.
4,8,9 
  The objective of the study is to determine the role of using oxalic acid in the 
mobilization of heavy metals (Cu, Pb, Zn) from contaminated soil.      
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  EXPERIMENTAL 
 
Soil Samples 
 
  Fresh soil was collected from the OSU Horticultural Farm, which is typical soil 
found in the Willamette valley.    The soil samples were collected from a depth of 2 ft and 
transported to our laboratory in plastic barrels.    The soil was spread out on sheets of 
brown paper.    When sufficiently air-dried, the soil was put through a 2.3-mm sieve.    It 
was then sealed in plastic bag and stored in the refrigerator for future use.    Ten liter of 
10 mM of each metal salt such as copper sulfate, lead chloride, or zinc sulfate were 
mixed thoroughly with 2 kg of soil sample for 24 hr to make the synthetic heavy-metal-
contaminated soil in a 20-L cylindrical pyrex bottle.    The contaminated soils were then 
washed with deionized water three times.    The air-dried soil was put through a 2.3-mm 
sieve and then stored in the refrigerator for further use. 
 
 
Experimental Procedures 
 
  A batch laboratory-scale study was conducted to investigate the effect of oxalic acid 
at removing Cu, Pb, and Zn from contaminated soil at various initial pH's (e.g., 3.5, 4.5, 
5.5, 6.5).    The weighed 2.5 g of the soil was added to each 25 mL of potassium oxalate 
into centrifuge bottle in darkness to reduce any photooxidation.  
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  The samples were agitated on an orbital shaker at a room temperature of 25
oC and a 
shaker speed of 250 rpm for 24 hr.    The pH was measured and the soil was removed by 
centrifuging at 10,000 rpm for 30 min.    The supernatant solution was analyzed for each 
total metal concentration by Atomic Absorption Spectrophotometry (AAS).  
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  RESULTS AND DISCUSSION 
 
Metal Extraction Using Oxalic Acid 
 
  The appropriate amounts of potassium oxalate (K 2C2O4) and oxalic acid (H2C2O4) at 
the same concentration were mixed together to prepare the buffered solution at the 
desired pH's.    Each pH of the mixture, which represents a fixed ratio of [potassium 
oxalate]/[oxalic acid] at the same concentration, is shown for the oxalate concentrations 
of 1, 10, 100 mM, respectively, in Figure 5.1.    Because the addition of KOH or HCl to 
oxalate sample is not necessary to adjust its pH, the use of Figure 5.1 is very useful in 
preparing oxalate solution samples at a desired pH.    The pH values of 1, 10, and 100 
mM oxalic acid are 1.0, 1.9, and 2.9, respectively.    However, the prepared potassium 
oxalate solution shows neutral pH regardless of the concentration.    For example, the 25 
mL of 1 mM potassium oxalate and 25 mL of 1 mM oxalic is mixed to obtain 1 mM of 
oxalate sample at a pH of 3.5 for desorption experiments based on the result of Figure 5.1. 
  The influence of varying oxalic acid levels on copper and zinc solubilization from 
contaminated soil is shown in Figures 5.2 and 5.3, respectively.    In general, increasing 
of concentration of oxalic acid results in greater heavy metal solubilization from 
contaminated soil.    That is not surprising since oxalic acid forms relatively strong water 
soluble complexes with Cu and Zn.    At an oxalic concentration of 100 mM, over 90% of 
the copper is removed regardless of its initial pH.    The fact that the higher concentration 
of organic acid is more effective in terms of the amount leached out explains the   
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Figure 5.1   Solution pH of the Mixture of Potassium Oxalate and Oxalic Acid    
(Total Volume of the Mixture = 50 mL). 
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Figure 5.2   Copper Removal from Contaminated Soil Using Oxalic Acid. 
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Figure 5.3   Zinc Removal from Contaminated Soil Using Oxalic Acid.  
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importance of surface complexation reactions as a possible mechanism of metal release 
and metal complexation into solution. 
  For the case of zinc, it shows the significance of the competition between proton 
(logK=3.82) and zinc (logK=3.88) for oxalic acid binding, which may explain the 
decrease in the zinc leached out at a lower pH and concentration of ligand K is a stability 
constant).    As the pH value increases, which the amount of proton (H
+) decreases, the 
uncomplexed free oxalate (C2O4
2-) in solution can complex with more zinc in solution.   
This mechanism would be true for all three metals at lower organic ligand concentrations 
or higher pH because some portion of metals leached can not complex with organic 
ligand.    The higher pH of the oxalic acid solution on zinc removal is more effective 
because oxalate competes with protons and zinc at lower pH.    The different leaching 
behaviors of Cu and Zn can be more readily accounted for by variation in their 
coordination chemistry and in their mode of occurrence within the contaminated soil. 
  Also, Figure 5.4 shows the removal of Cu, Zn, and Pb from contaminated soil as a 
function of intial pH at a fixed initial concentration of 100 mM oxalic acid.    The result 
indicates that the use of oxalic acid is not very effective in removing lead from the 
contaminated soil.    The stability constants of Cu, Zn, and Pb with oxalic acid at a room 
temperature of 25
oC and an ionic strength of 0.1 M are 4.8, 3.9, 4.0, respectively.    Based 
on the values of the stability constants, oxalic acid is expected to be the most effective at 
removing lead among three heavy metals.    Unfortunately, the solubility of lead-oxalate 
complex is very low (0.00015 wt%) in water.    Based on the determination of the lead 
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Figure 5.4   The Comparison of Metal Removal from Contaminated Soil Using 
Oxalic Acid as a Function of Initial pH.  
    67 
concentration in leachate solution by AAS, less than 5% of total lead were removed from 
the contaminated soil.    The extracted lead from the soil is precipitated as the insoluble 
lead-oxalate complex, which can not be separated from the soil.       
 
 
Metal Speciation Calculation 
 
  Speciation calculations of the extracted heavy metals (Cu, Pb, Zn) from the 
contaminated soil in the presence of oxalate solution were performed by a geochemical 
computer program, GEOCHEM-PC.    The calculations give an estimation of the fate of 
each metal, oxalate, and inorganic ligands in the leachate at a fixed condition.    It tells us 
about the possible compounds in solution and their amounts under limited information of 
system such as the given total concentration of the metals and ligands.    The results were 
determined from the computer program assuming that the association of metals and 
inorganic ligands (i.e., Cl
-, K
+, SO4
2-, and OH
-) is negligible. 
  Oxalate (OX) exists primarily in three fractions, the undissociated form (H2OX), 
partially dissociated form (HOX
-), and the completely dissociated form (free oxalate, 
OX
2-) over the ordinary pH range of 3-7 (see Figure 5.5). 
  Figure 5.6 shows the speciation of copper in solution at equilibrium as a function of 
initial pH at initial oxalate concentrations of 1 (Figure 5.6-A), 10 (Figure 5.6-B), 100 mM 
(Figure 5.6-C), respectively.    The major species of copper in the leachate solution     
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Figure 5.5   The Distribution of Oxalate Species in Solution as a Function of pH. 
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Figure 5.6   Speciation Calculation of Copper Extracted from Soil Using   
1 mM (A), 10 mM (B), and 100 mM (C) Oxalate, respectively.  
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consist mainly of the free ionic form (Cu
2+) and complexed forms with mono- or di-
oxalate ions (i.e., Cu-monoOxalate, Cu-diOxalate).    At an initial oxalate concentration 
of 1 mM, the major lead species are free ionic lead, Cu(OX), and Cu(OX)2 in order over a 
pH range of 3 to 5.    At a pH larger than approximately 5, the amounts of copper mono-
oxalate and free ionic lead decrease, however, the amount of copper di-oxalate increases 
with pH.    The main species of lead becomes lead di-oxalate as the oxalate concentration 
increases (see Figure 6-B and C).    Higher values of pH and oxalate concentration favor 
the formation of the copper complexed with di-oxalate over the free ionic copper and 
copper mono-oxalate. 
  The species of zinc in the leachate consists primarily of complex forms with oxalate 
(Zn(OX) or Zn(OX)2) throughout the experimental conditions (see Figure 5.7).    The 
amount of zinc di-oxalate complex increases with the increase of the oxalic acid 
concentration because the oxalate ions become more available to complex with zinc in 
solution.   
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Figure 5.7   Speciation Calculation of Zinc Extracted from Soil Using 1mM (A),      
10 mM (B), and 100 mM (C) Oxalate, respectively.  
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  CONCLUSIONS 
 
1.  Oxalic acid is capable of significantly modifying the partitioning of heavy metals 
between the soil surface and the solution phase. 
 
2.  Low pH and high concentration of oxalate are favorable for metal mobilization. 
 
3.  Due to a low solubility of lead-oxalate complex in water, oxalic acid is not effective 
at removing lead from soil. 
 
4.  Speciation calculations by GEOCHEM-PC predict that heavy metals primarily exist 
in two forms: (a) complexed with oxalate, and (b) free metal ionic form.    On the 
other hand, oxalic acid in solution, besides being complexed with the heavy metals, 
exists in three forms depending on solution: (a) H2OX, (b) HOX
-, (c) OX
2-. 
 
5.  The extracted copper and zinc by oxalic acid exist as complexed forms with oxalate 
at a higher pH.  
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  ABSTRACT 
 
  Laboratory-scale batch desorption studies were performed to evaluate the 
effectiveness of oxalic and succinic acid in the mobilization of heavy metals (Cu, Pb, or 
Zn) from contaminated soil.    The objective of this study was to evaluate the feasibility  
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of using low-molecular-weight organic acids such as acetic, citric, oxalic, succinic acids 
in the treatment of soils contaminated with copper, lead, and zinc, respectively. 
  Significant amounts of copper and zinc were removed from the contaminated soil 
by both of oxalic and succinic acids; however, neither was very effective in removing 
lead from the contaminated soil.    Therefore, the effects of acetic and citric acids on the 
removal of lead were also evaluated.    Citric acid was the most effective among the four 
organic acids for removing lead from the contaminated soil. 
  The ability of chelating agents such as low-molecular-weight organic acids to 
convert soil bound heavy metals through various mechanisms into soluble, stable 
complexes can be applied to in-situ and ex-situ soil washing/flushing technologies for 
cleanup of contaminated soils at Superfund sites. 
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  INTRODUCTION 
 
  The concentrations of heavy metals in industrial and municipal waste sites with 
contaminated soils are generally several orders of magnitude higher than their 
concentrations in nature.
1  Heavy metals that are added to soils react with the soil 
components in variety of ways.
2  The reaction mechanisms and rates are dependent upon 
the type and amount of the organic matter, clay, and hydroxides present in the soil.   
Additional factors include the concentration of exchangeable cations, pH, oxidation-
reduction potential, and moisture content of the soil. 
  A wide variety of low molecular weight (LMW) aliphatic organic acids, which 
are naturally occurring,    including formic, acetic, oxalic, succinic, citric, and so on have 
been identified.
3  Organic acids such as succinic, oxalic, and citric acids, which form 
relatively stable complexes with metals have a greater potential to mobilize metals from 
soils than those that do not form stable complexes, such as formic and acetic acids.
4  
Adsorption of low molecular weight organic compounds onto soil surfaces affects the 
dissolution of heavy metals from the soil surfaces.    Anionic organic compounds adsorb 
to most structural metals in soils, impacting a net negative charge to the soil surfaces.   
Complexation of metal centers on soil surfaces by organic compounds can accelerate 
rates of heavy metal dissolution.
5  Because LMW organic anions function as organic 
ligands, they can increase mobilization of heavy metals from contaminated soils by (i) 
replacing metal sorbed at soil surfaces through ligand-exchange reactions, (ii) dissolving 
metal-oxide surfaces that sorbed metal, and (iii) forming metal-organic complexes in 
solution.
8  
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  A number of authors have investigated the effects of various organic acids on 
metal dissolution from well-characterized silicate minerals and contaminated soils.
7-10  
Other studies have also discussed the importance of type and position of functional 
groups on organic acids in metal complexation reactions from primary minerals.
11,12  
Therefore, the characteristics of low molecular weight organic acids can be utilized as 
agents in soil washing or flushing to develop an innovative technology in the remediation 
of soil contaminated with heavy metals. 
  This study discusses the feasibility of using low-molecular-weight organic acids 
such as acetic, citric, oxalic, succinic acids in the treatment of soils contaminated with 
copper, lead, and zinc, respectively.      
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  EXPERIMENTAL 
 
Soil Samples   
 
  Samples of fresh soil, which is typical of that found in the Willamette Valley, 
were collected from a depth of 2 ft at OSU Horticultural Farm.    Ten liters of 10 mM 
heavy metal salt of each CuSO4, PbCl2, or ZnSO4, respectively, were thoroughly mixed 
with 2 kg of clean soils for 24 hr to make the synthetic single heavy-metal-contaminated 
soil by adsorption and/or precipitation phenomena.    The contaminated soils were then 
washed with deionized water three times to remove the free metal solution present.    The 
air-dried soil was put through a 2.3-mm sieve and then stored for further use. 
 
 
Experimental Procedures   
 
  A batch study was conducted to investigate the effect of organic acids on 
dissolution of heavy metals from contaminated soil using organic acids (e.g., 1, 10, 100 
mM) at various initial solution pH's (e.g., 3.5, 4.5, 5.5, 6.5).    Next, 2.5 g of the soil were 
added to each 25-mL centrifuge bottle in darkness to reduce any photooxidation, and the 
pH was adjusted with HCl or KOH as necessary.    The samples were agitated on an 
orbital shaker at a room temperature of 25
oC and a shaker speed of 250 rpm for 24 hr.   
The pH was measured and the solution was separated from the soil by centrifuging at   
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10,000 rpm for 30 min.    The supernatant solution was analyzed to determine the total 
metal concentration using Atomic Absorption Spectrophotometer.  
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  RESULTS AND DISCUSSION 
 
Characteristics of Contaminated Soil   
 
  The contaminated soil was analyzed to determine the initial metal content of the 
soil (see Figure 6.1).    As a result of metal speciation calculation by a computer program 
of GEOCHEM-PC, each distribution of free metal is 67% (Cu), 72% (Zn), and 84% (Pb), 
respectively, out of total concentration of 10 mM as a form of copper sulfate, zinc sulfate, 
and lead chloride, respectively, which was used to make the contaminated soil.    As 
expected, the lead content is the highest among them because of its high adsorbing ability 
to soil.    Figure 6.1 also shows the amount of Cu, Pb, and Zn, respectively, extracted by 
distilled water adjusted to a pH of 3.5, which represents as the amount of water-soluble 
metal. 
 
 
Metal Mobilization Using Oxalic Acid   
 
  The influence of varying oxalic acid concentrations on copper and zinc 
solubilization from the contaminated soil is shown as a function of initial pH in Figure 
6.2 and 6.3, respectively.    In general, the mobilization of heavy metal from the 
contaminated soil increases the concentration of oxalic acid.    That is not surprising since 
oxalic acid forms relatively strong water soluble complexes with Cu and Zn, respectively. 
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Figure 6.1   Initial Metal Contents and Water Soluble Amount from Contaminated 
Soil. 
    
    82 
 
 
 
 
 
Figure 6.2   Copper Removal from Contaminated Soil Using Oxalic Acid. 
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Figure 6.3   Zinc Removal from Contaminated Soil Using Oxalic Acid.  
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At an oxalic concentration of 100 mM, over 90% of the copper is removed regardless of 
the initial pH.    The fact that the higher concentration of organic acid is more effective in 
terms of the amount leached out explains the importance of surface complexation 
reaction as a possible mechanism of metal release and metal complexation into solution.   
For the case of zinc, it also shows the significance of the competition between proton 
(logK=3.82) and zinc (logK=3.88) for oxalic acid binding, which may explain the 
decrease in the zinc leached out at a lower pH and concentration of ligand (see Table 6.1).   
As the pH increases, with concomitant of proton decrease, uncomplexed oxalate in 
solution can complex with more zinc in solution.    This mechanism would be true for all 
three metals at lower organic ligand concentrations or higher pH because some portion of 
metals leached can not complex with organic ligand.    The higher pH of the oxalic acid 
solution is more effective on zinc removal because oxalate competes with protons and 
zinc at lower pH.    The different leaching behaviors of Cu and Zn can be more readily 
accounted for by variation in their coordination chemistry and in their mode of 
occurrence within the synthetic contaminated soil. 
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Table 6.1   Stability Constant of Various Organic Acids with Various Cations at a 
Temperature of 25
oC and an Ionic Strength of 0.1 M               
(unless otherwise indicated). 
 
   Organic Acid       H
+     Cu
2+     Zn
2+     Pb
2+ 
      Acetic     4.56     1.83     1.10     2.15 
     Succinic     5.20     2.60     1.78     2.80 
      Oxalic     3.82     4.84     3.88
a     4.00
a 
      Citric     5.69     5.90     4.98     4.08
b 
 
a    25
oC, 0.16 M 
b    25
oC, 2.0 M 
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Metal Mobilization Using Succinic Acid 
 
  The total amount of metal mobilized into the solution by various concentrations 
of succinic acid is shown in Figures 6.4 ~ -6.6 for Cu, Pb, and Zn.    From all Figures, it 
represents that the amount of metal removed follows the order of Zn>Cu>Pb, which is 
the opposite of the expectation based on the stability constant (logK) values (see Table 
6.2).    Generally, organic ligands influence the dissolution of metals in soil by forming 
water soluble stable complexes with them in soil solution, and thus depend on the logK of 
the ligand.    Metal release from soil also depends upon its mode of retention in soil.   
Metals retained as inner sphere complexes are released through surface complexation 
reaction.    In this case, there is a strong relationship between metal released and the logK 
value of the ligand.    Even though zinc demonstrates the lowest value of logK, the 
amount leached out is the maximum.    As can be expected lower values of pH (<5) and 
higher concentrations of organic acid are more effective in mobilizing metal from soil.   
Approximately 80, 65, and 40% of the total Zn, Cu, and Pb, respectively, present in the 
soil are leached at 100 mM concentration of succinic acid and a pH of 3.5.    For the case 
of zinc, further increase in the pH promotes metal hydrolysis which is accompanied by 
readsorption to the soil surface or forms zinc hydroxide as a precipitate near pH 6.5.   
Since lead and copper have a higher logK with succinic acid, proton competition for 
these metals is not significant, though an increase in the pH does result in a decrease in 
metal concentration in solution. 
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Figure 6.4   Cooper Removal from Contaminated Soil Using Succinic Acid. 
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Figure 6.5   Zinc Removal from Contaminated Soil Using Succinic Acid. 
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Figure 6.6   Lead Removal from Contaminated Soil Using Succinic Acid. 
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Table 6.2   Solubilities of Lead-Organic Complexes in Water and their Stability 
Constants. 
 
 
  Organic 
   Acid 
  Temperature 
   (
oC) 
  Solubility 
   (wt%) 
  Temperature/ 
Ionic Strength 
Stability 
Constant 
  Acetic      20     30.7     25/0.16     2.16 
  Citric      18     0.042     25/2.0     4.08 
  Oxalic      18     0.00015     25/1.0     3.32 
    Succinic      18     0.0253     25/0.1     2.8  
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Comparison of Various Organic Acids on Lead Removal 
 
  Acetic, citric, oxalic, and succinic acids are compared to remove lead from the 
contaminated soil (see Figure 6.7).    Total lead removed at a pH of 5.5 and an organic 
acid concentration of 100 mM is dependent on its stability constant.    The stability 
constant of lead with oxalic acid is 3.32, which is larger than those with acetic and 
succinic acids.    However, the lead ion leached from the contaminated soil is precipitated 
as an insoluble lead-oxalate solid, a result which is highly undesirable.    The order of 
solubilization of lead from the contaminated soil by organic acids suggests that the 
characteristics of organic ligand in solution such as stability constant and the solubility of 
the metal-ligand complex are dominant factors.    In other words, complexing abilities of 
the organic acids for different cations determine to some extent of the degree order of 
lead release.    The observed sequences may be explained on the basis of lead-organic 
ligand exchange stabilities as well as the solubilities of their complexes.    The stability 
constants and solubilities of lead-organic complexes into water are summarized in Table 
6.2. 
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Figure 6.7   Comparison of the Effectiveness of Four Organic Acids at Removing 
Lead from Contaminated Soil.  
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  CONCLUSIONS 
 
  Significant amounts of copper and zinc are removed from the contaminated soil 
by the use of oxalic acid and succinic acid.    However, oxalic acid is not effective at 
removing lead because of the precipitation of lead-oxalate complex from the solution.   
Citric acid is the most effective agent at removing lead among the four organic acids 
tested.    Generally, the effectiveness of mobilizing and complexing heavy metals from 
contaminated soil increases with higher concentrations of organic ligand.   
  The ability of chelating agents such as low-molecular-weight organic acids to 
convert soil bound heavy metals through various mechanisms into soluble, stable 
complexes can be applied to in-situ and ex-situ soil washing/flushing technologies for 
cleanup of contaminated soils at Superfund sites.    Although metal complexing abilities 
of organic acids are pH-dependent, the overall extent of heavy metal removal is 
remarkably insensitive to system pH at higher ligand/metal ratios.    Achieving high 
recovery of heavy metals depends on the stability constants and solubilities of metal-
ligand complexes, as well as the distribution of the various forms of heavy metals within 
the soil.   
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  ABSTRACT 
 
  All metal cations have one or more reactive sites available to ligands, which is 
defines as molecules that can bind to a metal ion to form a complex.    An interaction 
occurs at a reactive site between a positively charged metal cation and electron-donating 
ligands to form complex.    The objective of this project was to evaluate the effectiveness 
of citric acid on mobilizing heavy metals from contaminated soil and to compare the 
economics in the use of citric acid with EDTA. 
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  Citric acid was evaluated for its ability to mobilize heavy metals (Cu, Pb, Zn) 
from contaminated soil.    A 100 mM citric acid solution at a pH of 5.5 can effectively 
mobilize up to 70-80% of Cu, Pb, and Zn.    The solution speciation of Pb-EDTA and Pb-
citrate, respectively, in the presence of hydrated lime, Ca(OH)2 was calculated to 
determine the extent of decomposition of lead-citrate complexes and separation of Pb as a 
hydroxide precipitate by a geochemical computer program GEOCHEM.    Because the 
economics of soil treatment with a metal recovery system depend on conservation and 
reuse of costly chelating agents, the use of citric acid has some advantages over EDTA, 
which has been widely investigated as an extracting agent for soil washing.  
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  INTRODUCTION 
 
  In response to the RCRA Amendment of 1984 which prohibits the continued 
land disposal of selected groups of untreated hazardous waste in the U.S., the EPA has 
instituted research and development programs for new technologies for RCRA and 
Superfund sites.
1  One of the research areas initiated by the EPA is cleaning excavated 
soil by extracting agents.
2    Cleaning excavated soils holds promise for being applicable 
to all contaminants.    Soil washing consists of soil excavation, above-ground onsite 
treatment using extracting agents, isolation and removal or destruction of the 
contaminants, and redeposition of the cleaned soil.    The extracting agents must mobilize 
the contaminants, which are chemically or physically attached to the soil particles.    Soil 
washing with extractive agents is applicable for cleaning heavy metals from soils.    Most 
of the soil cleaning processes involve intimate mixing of the extractant with soil, 
followed by solid/liquid separation where the cleaned soil is separated from the extractant 
fluid.
3  The extractant is then cleaned of the contaminant and recycled as required. 
  Metal recovery technologies include chemical precipitation, electrolytic recovery 
(electrowinning, electrodialysis), high-temperature metals recovery, membrane 
separation, leaching, adsorption, and evaporation.
4  Precipitation of many heavy metals 
is accomplished by adjusting the pH of the wastewater to alkaline, which causes the 
soluble metal ions to form insoluble metal hydroxides.
5  This pH adjustment is usually 
achieved by the addition of caustic, limestone, or lime.    For metal hydroxide species, the 
solubilities are known to increase with the decrease of pH.    For example, the minimum 
solubility and corresponding pH value for lead hydroxide are 7.0 mg/L and 9.2,  
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respectively.
5  Because of the relatively low cost of lime, hydroxide precipitation is the 
metal precipitation system most commonly used by industry. 
  A wide variety of low molecular weight (LMW) aliphatic organic acids has been 
identified in forest soils, including acetic, citric, formic, oxalic, succinic acids.    Organic 
acids such as citric, oxalic, and succinic, which form relatively stable complexes with 
metals will have a greater potential to mobilize metals from soils than those that do not 
form stable complexes, such as formic and lactic acids.
6  Because LMW organic anions 
function as organic ligands, they can increase mobilization of heavy metals from 
contaminated soils through a ligand exchange reaction.
7,8 
  Because of the numerous hazardous wastes with contaminated soils throughout 
the U.S., effective metal removal technologies are needed for site remediation.    This 
reason has led a number of researchers to study various chemical, physical, and 
biological methods for heavy metals from contaminated soils.    To date, much of the 
laboratory work has focused on the extractive capacities of organic and inorganic agents 
because of the possibility of metal recovery.    Ethylenediaminetetraacetic acid (EDTA) 
has been most frequently used to investigate metal removal due to its strong metal 
complexing ability.
9-11  The removal of heavy metals from Superfund site soils by 
EDTA has also been investigated.
1,12  However, due to the high stability of the metal-
EDTA complex in solution, EDTA has some economic disadvantages on metal recovery 
and reuse of EDTA from the extractive solution using a precipitation method.    The 
major benefit derived from this research comes from the effective and economical new 
technology of soil flushing and washing using citric acid for remediation of heavy metals 
from contaminated soils because lack of innovative strategies for dealing with  
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contaminated soils is a major obstacle to complete Superfund site cleanup. 
  The present study explores the effectiveness of citric acid in mobilizing heavy 
metals from contaminated soils and the economic advantage of citric acid over EDTA in 
comparing the extent of decomposition of lead-organic complexes and separation of Pb 
as a hydroxide precipitate by the geochemical computer program of GEOCHEM.  
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  EXPERIMENTAL 
 
Experimental Procedures 
 
  The collection of soil samples and preparation of contaminated soil were 
described in the previous work.
8   
  A batch equilibrium study was conducted to investigate the effect of citric acid 
on removal of Cu, Pb, and Zn from the synthetic contaminated soil at two pH's of 3.5 and 
5.5.    A weighed 2.5 g of soil was added to each 25-mL centrifuge tube, and the pH was 
adjusted with appropriate mixture of potassium citrate and citric acid. 
  The samples were agitated on an orbital shaker at a room temperature of 25
oC 
and a shaker speed of 250 rpm for 24 hr.    The pH was measured and the soil was 
removed by 0.45-μm filter apparatus.    The supernatant solution was analyzed for each 
total metal concentration using a Perkin-Elmer 5000 Atomic Absorption Spectrometer. 
 
 
Solution Speciation Calculation 
 
  Direct determination of all species present was not possible and accordingly a 
computer speciation program, GEOCHEM-PC, was utilized to calculate the 
concentration of metal species in solutions containing several metals and potential 
organic ligands.    GEOCHEM-PC is designed to perform equilibrium speciation 
calculations for soil solutions.    The equilibrium calculations were performed at constant  
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temperature and pressure, generally 298 
oK and 0.1 MPa, respectively.    The program 
used estimated free and total metal (and ligand) concentrations, pH, ionic strength, and 
independently measured/published stability constants as input data.  
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  RESULTS AND DISCUSSION 
 
Metal Extraction Using Citric Acid 
 
  The batch desorption experiments were conducted to evaluate the effectiveness 
of citric acid on mobilizing heavy metals (Cu, Pb, Zn) from contaminated soil at three 
different citric acid concentrations (1, 10, 100 mM) and two pH's (3.5 and 5.5).    The 
citric acid solution consists of free citrate (Cit
3-) and complexed forms with proton (e.g., 
HCit
2-, H2Cit
-, and H3Cit
o).    At a pH of 3.5 almost all citrate complexes with proton (45% 
H2Cit
- and 55% H3Cit).    As the pH increases, HCit
2- and free citrate are dominant 
species (at a pH 5.5, free citrate=20%, HCit
2-=70%, H2Cit
-=10%).   
  The influence of varying citric acid levels on copper, lead and zinc removal from 
contaminated soil is shown in Figure 7.1.    In general, increasing the concentration of 
citric acid results in greater heavy metal mobilization, since citric acid forms relatively 
strong water soluble complexes with Cu, Pb, and Zn, respectively.    At a citric acid 
concentration of 100 mM, over 70 % of all three metals are removed and all metals 
extracted are the complexed forms with citrate at an initial solution pH of 5.5.    The fact 
that a higher concentration of organic acid is more effective in terms of the amount 
leached out explains the importance of surface complexation reaction as a possible 
mechanism of metal release and metal complexation into solution.    For the case of zinc     
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Figure 7.1    The Metal Removed Using Citric Acid at (A) pH 3.5 and (B) pH 5.5.  
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and lead, it shows the significance of the competition between proton (logK=5.69), zinc 
(logK=4.98) and lead (log K=4.08) for citric acid binding, which may explain the 
decrease in the zinc and lead leached out at a lower pH and concentration of ligand.    The 
higher pH of the citric acid solution is more effective on zinc and lead removal because 
citrate competes with proton, and zinc and lead at lower pH's.    Since copper has a higher 
log K of 5.90 with citric acid, proton competition for Cu is not significant, though an 
increase in the pH does result in a slight decrease in metal concentration in solution. 
 
 
Lead Recovery from Lead-Organic Complexes Using Ca(OH)2 
 
  Once the treated soil is removed, the spent extracting solution should be treated 
to concentrate the lead and, if possible, recover the organic acid for reuse.    Because of 
the hydrolysis of Pb under mildly alkaline conditions, elevating the solution pH allows 
OH
- to more effectively compete with the organic ligand for the lead ion.    The presence 
of Ca
2+ decreases the extent of Pb-organic ligand complexation and should promote the 
hydrolysis and precipitative removal of Pb from the extracting solution.    The Pb-Citrate 
complex is compared with Pb-EDTA complex calculating the amount of lead hydroxide 
as a function of Ca(OH)2 concentration added into the extracting solution by GEOCHEM 
at three different ratios of ligand/lead.    In the case of the use of [citrate]/[lead]=5, all Pb 
complexed with citrate in solution is precipitated out in solid form with OH
- by adding 
approximately 2 mM hydrated lime, Ca(OH)2, which results in the increase of the   
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solution pH up to 8.9 (see Figure 7.2).    The percentage of lead in solid form with OH
- 
and solution pH increase with the addition of hydrated lime into solution.    Based on the 
result of the speciation calculation, all lead-citrate complex produced by the lead 
separation process from the lead-contaminated-soil using citric acid can be recovered as a 
solid form of lead hydroxide with the addition of 2 mM hydrated lime.    Also, Figure 7.3 
shows the effect of lime on Pb-EDTA solution speciation at Pb=1 mM and EDTA=5 mM.   
Because EDTA converts soil bound metals into highly stable complexes, approximately 5 
mM of Ca(OH)2 needs to be added to obtain 100% lead as a solid form with OH
- and a 
final pH of 11.5.    However, only 2 mM hydrated lime is required to obtain 100% lead 
recovery from lead-citrate complex as a form of lead hydroxide, which represents a final 
pH of 8.9.    The use of citric acid to mobilize lead from the soil can save hydrated lime 
approximately 2.5 times less than that used with EDTA. 
  The addition of Ca(OH)2 to an extraction solution containing Pb-citrate complex 
results in lead hydroxide as a precipitate and Ca-citrate complex in solution.    After the 
separation of the precipitate from the extracting solution, the pH of the Ca-citrate 
complex solution should be brought back to an appropriate acid condition in order to 
reuse citric acid.    The citrate percentage complexed with calcium ion is shown as a 
function of the amount of HCl added into solution in Figure 7.4.   
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Figure 7.2   Effect of the Addition of Ca(OH)2 on Lead-Citrate Solution Speciation   
at a Ratio of [Citrate]/[Lead]=5.   
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Figure 7.3   Effect of the Addition of Ca(OH)2 on Lead-EDTA Solution Speciation   
at a Ratio of [EDTA]/[Lead]=5. 
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Figure 7.4   Effect of the Addition of HCl on Ca-Citrate Solution Speciation   
at a    Ratio of [Ca]/[Citrate]=5.  
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  CONCLUSIONS 
 
  At a citric acid concentration of 100 mM, over 70-80 % of copper, lead, and zinc 
are mobilized and all metals extracted are complexed with citrate as various forms.   
Therefore, the use of citric acid to remove heavy metals from contaminated soils would 
be less costly that using of EDTA. 
  The subsequent pH elevation by hydrated lime, Ca(OH)2 causes Pb-citrate to 
decomplex and initiates precipitation of lead hydroxide.    Results suggest that slightly 
alkaline conditions (pH 8.5), which are much lower than that in use with EDTA, are 
needed for substantial precipitative removal of the lead.    In other words, the presence of 
Ca
2+ decreases the extent of Pb-organic ligand complexation and promotes the hydrolysis 
and precipitative removal of Pb from the extracting solution.    All Pb complexed with 
citrate is precipitated out in solid form with OH
- by adding 2 mM Ca(OH)2, whereas all 
Pb complexed with EDTA requires the addition of 5 mM Ca(OH)2 to obtain 100% Pb as 
a solid form, because EDTA converts soil bound metals into highly stable complexes.  
    110 
  REFERENCES 
 
1.  Patel, Y.B., M.K. Shah, and P.N. Cheremisinoff, "Methods of Site Remediation," 
Pollution Engineering, 55-66 (November 1990). 
 
2.  Traver, R.P., Soil Washing Technologies for Site Remediation, Risk Reduction 
Engineering Lab, USEPA, Edison, NJ (1989). 
 
3.  Holden, T, and et al., How to Select Hazardous Waste Treatment Technologies for 
Soils and Sludges, NDC, New Jersey (1989). 
 
4.  McArdle, J.L., M.M. Arozarena, W.E. Gallagher, Treatment of Hazardous Waste 
Leachate: Unit Operations and Costs, Noyes Data Corporation, New Jersey (1988). 
 
5.  Krishnan, E.R., and et al., Recovery of Metals from Sludges and Waste Waters, 
Noyes Data Corporation, New Jersey (1993). 
 
6.  Boyle, J.R., G.K. Voigt, and B.L. Sawheny, "Chemical Weathering of Biotite by 
Organic Acids," Soil Sci., 117, 42-45 (1974). 
   
7.  Linn, J.H., and H.A. Elliott, "Mobilization of Cu and Zn in Contaminated Soil by 
NTA," Water, Air, and Soil Pollution, 37, 449-458 (1988).   
 
8.  Kang, S.K., R.D. Sproull, and J.E. Baham, "The Use of Organic Acids in the 
Leaching of Heavy Metals from Contaminated Soils," to be submitted for 
Publication. 
 
9.  Elliott, H.A. and G.A. Brown, "Comparative Evaluation of NTA and EDTA for 
Extractive Decontamination of Pb-Polluted Soils," Water, Air, and Soil Pollution, 45, 
361-369 (1989). 
 
10. Brown, G.A. and H.A. Elliott, "Influence of Electrolytes on EDTA Extraction of Pb 
from Polluted Soils," Water, Air, and Soil Pollution, 62, 157-165 (1991). 
 
11. Pankow, J.F., Aquatic Chemistry Concepts, Lewis Publishers, Inc., Chelsea, 
Michigan (1991). 
 
12. Raghavan, R., E. Coles, and D. Dietz, Cleaning Excavated Soil Using Extraction 
Agents: A State-of-the-Art Review (EPA/600/2-89/034), Risk Reduction Engineering 
Laboratory, U.S.EPA, Cincinnati, OH (1989).         
 
 
    
    111 
 
  CHAPTER VIII: 
  THE MOVEMENT OF LEAD (II) THROUGH SOILS: 
  ADSORPTION AND DESORPTION 
 
 
  S.K. Kang and R.D. Sproull 
  Department of Chemical Engineering 
 
and 
 
J.E. Baham 
Department of Crop and Soil Science 
  Oregon State University, Corvallis, OR 97331 
 
 
  ABSTRACT 
 
  Lead, an element of wide use, can be very toxic to humans and the environment 
even at low levels.    Spills and improper disposal of waste lead products have resulted in 
contamination of many sites throughout the world, including automobile battery 
recycling sites.    A detailed study of lead movement through soil is needed to utilize the 
remediation technology for those contaminated sites.  
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  The purpose of this study was to investigate the characteristics of adsorption of 
free lead ion to a clean Willamette Valley soil and of desorption of lead ion from the 
contaminated soil by a cation (Ca
2+) exchange reaction in batch and column systems.   
The effects of pH and concentration on adsorption amounts were evaluated using lead 
chloride and lead perchlorate solutions.    Also, the desorption experiments were carried 
out to determine the exchangeable amounts of lead from contaminated soils using 
calcium nitrate solution at various pH's and concentrations.      
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  INTRODUCTION 
 
  Lead contamination in soils and aquifer systems is of great concern due to its 
high toxicity to humans and the environment as free lead ion.    Improper spill or disposal 
of waste lead products has resulted in contamination of many sites throughout the world, 
including many automobile battery recycling sites.
1 
  Lead is generally not very mobile in the environment, and tends to remain 
relatively close to its point of initial deposition following its escape from an original 
contamination site.
2  The behavior of ionic lead in soils represents diverse 
characteristics.    The lead ions may be immobilized by soil microorganisms, 
precipitation, sorption, or fixation by organic ligands such as fulvic and humic acids.
3  
Although bivalent transition metal cations exhibit a similar pH-dependent uptake 
behavior by soils, the extent of uptake at a given pH varies among metals.    Also, at a 
given equal initial amount of metal ions (Pb, Cu, Cd, Zn) added, the lead ion showed the 
highest absolute rate of adsorption by soil.
4,5 
  Metallic lead and lead compounds are generally the principal contaminants of 
concern in soil and waste deposits in lead battery sites, where concentrations of up to 
approximately 20 wt% lead in soil have been measured.
1,6  Lead, lead sulfate, lead oxide, 
and lead dioxide are predominant species found at contaminated sites.    Sites with 
carbonate generally contain lead carbonate species.
7  Lead-contaminated soil cleanup 
goals vary depending on site specific factors, such as exposure routes,    location of 
humans, and sensitive environmental regulations.    A common cleanup goal is to reduce 
the concentration of the Pb in the soil so the leachate contains less than 5 mg/L of lead or  
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the total lead content in residential soil is a level less than 500-1000 mg/kg when soil is 
subjected to the EPA's TCLP or EP toxic test.
8 
  A detailed study of lead movement through soil is needed to utilize the 
remediation technology for those contaminated sites.    The objective of this study was to 
investigate the characteristics of adsorption of free lead ion to a clean soil and of 
desorption of lead from the contaminated soil by a cation (Ca
2+) exchange reaction in 
laboratory-scale batch and column systems, respectively.  
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  EXPERIMENTAL 
 
Soil Samples 
 
  Lead contaminated soil was prepared by mixing clean soil with 10 mM PbCl2 
solution in a plastic jar (2 kg soil/10 L lead chloride solution of 10 mM).    The 
contaminated soils were then washed with deionized water three times to minimize metal 
solution present.    The air-dried soil was passed through a 2.3-mm sieve and then stored 
in a refrigerator for further use.    Also, PbCl2 and PbClO4 solutions at appropriate 
concentrations were passed through the column packed with clean soil to make 
contaminated soils. 
 
 
Experimental Procedure 
 
Adsorption Experiments 
  The lead adsorption isotherms were done using nine concentrations of lead in 
solution.    Serial dilutions of the original stock solution (0.1 M PbCl2) were performed 
using distilled and deionized water (DDW) adjusted to the same pH (4.5) as that of the 
stock solution to obtain the desired concentrations.    A 0.25-g sample of clean soil was 
mixed with 25 mL of the lead chloride solution in a 25-mL screw-top centrifuge tube and 
placed on an orbital shaker at 25
oC and 250 rpm for 24 hr.    No attempt was made to 
control the pH or the ionic strength of the reacting mixture.    All experiments were  
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conducted in duplicate.    After equilibrium was attained, the samples were centrifuged 
and the pH of the supernatant recorded.    The total lead content of the supernatant was 
determined by flame absorption spectroscopy. 
  Lead solutions such as PbCl2 or PbClO4, if applicable, were passed through a 
stationary soil column.    The soil columns utilized the same soil as those of the batch 
experiments described above, packed to approximately simulate soil density in natural 
settings.    Columns employed were clear plastic with a holed support plate and filter 
paper at the base of column to prevent the loss of soil during the experimental tests.    The 
5-in. long by 1-in. inside diameter columns were packed with 30 or 40 g of soil yielding a 
soil column of either 5 or 6.7 cm in height.    Hydraulic flow through the columns was 
also set to a range between 0.5 and 1.5 mL/min.    Polypropylene tubing was connected to 
fittings threaded into the end caps to allow for the introduction of a dilute lead solution 
and the collection of effluent sample solutions.    After the soil column was packed with 
the soil, it was saturated by flowing DDW through the top of soil column with a 
peristaltic pump.    This step reduces channeling further by removing entrained air from 
the soil column.    The specific conditions of the column experiments including initial 
lead (II) concentrations with the form of lead salt, pH, and flow rate are presented in 
Table 8.1.    The pH of the effluent was recorded and the free lead concentration of 
effluent was determined by Lead Ion Selective Electrode.    Adsorbed lead was 
determined by the difference between initial and final solution concentration. 
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  Table 8.1   Experimental Conditions for Adsorption of Lead in a               
Packed Soil Column. 
   
 
Experiment 
No. 
Influent 
solution 
Influent             
pH 
Influent conc.               
(mM) 
Flow rate 
(mL/min) 
Soil weight               
(g) 
    1  PbClO4     4.8  10  0.45  30 
    2  PbClO4     3.7  10  0.49  30 
    3  PbClO4     3.1  10  0.52  30 
    4  PbClO4     2.7  10  0.47  30 
    5  PbClO4     5.0  10  1.0  40 
    6  PbCl2     4.6  10  1.0  40  
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Desorption Experiments 
  A batch study was conducted to determine the amount of exchangeable lead from 
contaminated soil using calcium nitrate.    Desorption experiments were conducted at 
various concentrations of Ca(NO3)2 (1, 5, 10, 50, 100 mM) and pH's (2.0, 3.6, 3.9, 5.8).   
Two grams of soil was mixed with 20 mL of calcium nitrate solution at a fixed pH in a 
150-mL polypropylene Erlenmeyer flask. The experiments were carried out at a constant 
temperature of 25
oC and a shaker speed of 200 rpm.    The free lead concentration was 
determined by an Orion specific ion electrode (Model 94-82) connected to a Corning Ion 
Analyzer, Model 250.   
  A 1-in. ID x 5-in. long plexiglass column was packed with 30 g of contaminated 
soil.    Both ends of the column were fitted with rubber stopper with a 0.25-in. hole.   
The pore volume of the columns was approximately 14 cm
3, i.e., that is the difference 
between solid volume and column volume.    Calcium nitrate solutions at various 
concentrations and pH's were passed through the soil column to mobilize lead from 
contaminated soil.    Column effluent was collected, and the pH values of the effluent 
were determined immediately after collection. 
  Other desorption experiments were performed using the contaminated soil 
produced by the adsorption experiment in the soil column.    The specific conditions of 
these desorption experiments are summarized in Table 8.2. 
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Table 8.2   Experimental Conditions of Desorption of Lead in a Packed Soil 
Column Using Calcium Nitrate. 
 
Experiment 
No. 
Influent             
pH 
Influent conc.               
(mM) 
Flow rate 
(mL/min) 
Soil weight               
(g) 
1  5.7  10  0.66  30 
2  4.6  10  0.66  30 
3  3.8  10  0.64  30 
4  3.2  10  0.63  30 
5  3.2  100  1.0  30 
6  4.3  100  1.0  30 
7  5.5  100  1.0  30 
8  5.0  1  0.85  30 
9  5.0  2  0.85  30 
10  5.0  5  0.85  30 
11  5.0  10  0.85  30 
12  5.0  10  0.66  30 
13  5.0  10  1.04  30 
14  5.0  10  1.42  30  
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  RESULTS AND DISCUSSION 
 
Adsorption Experiments in Batch System 
 
  The adsorption behavior of lead on soil is shown in Figure 8.1.    The adsorption 
data has been fitted to a Langmuir-type model.    The curve generated using the 
Langmuir-type model is good representation of the experimental data.     
Also, non-linear regression gives the Langmuir parameters, which are the maximum 
adsorption capacity of 23.9 meq/100g soil and the bonding constant of 7.45 (mM)
-1.   
The bonding constant, which is related to the energy of adsorption, indicates how 
strongly the metal ion is adsorbed to soil. 
  Lead (II) adsorption batch reactor experiments were conducted to investigate the 
time dependence of the adsorption process at a fixed pH value (see Figure 8.2).    Almost 
instantaneous uptake of lead (II) was observed.    The adsorbed lead amounts per mass of 
soil levels off at approximately 75 mmol Pb/kg soil after several hours, which suggests 
that lead ion equilibrium with the soil was achieved.   
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Figure 8.1   Lead Adsorption Isotherm for Soil at pH 4.5. 
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Figure 8.2   Lead Uptake by Soil in the Form of PbClO4 As a Function of Time.    
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Adsorption Experiments in Soil Column 
 
  Soil column experiments were performed for lead (II) as a form of lead 
perchlorate or lead chloride.    Figure 8.3 presents the breakthrough curve and uptake of 
lead (II) by soil as a function of pore volumes.    All column experiments exhibit a 
characteristic S-shaped breakthrough curve.    The adsorption capacities of the soil are 
found to increase very slightly at a higher pH of lead solution because free lead ions 
compete with protons for adsorbing sites onto soil. 
  Figure 8.4 provides a comparison of the competitive effects of 0.01 M of lead 
chloride and lead perchlorate on Pb(II) adsorption.    Previous results of lead solution 
speciation in the presence of chloride and perchlorate, respectively, showed that total lead 
was present as a form of Pb(II) in 0.01 M PbClO4 solution, but approximately 80% of the 
total lead existed as free lead ions in the 0.01 M PbCl2 solution.    Therefore, the major 
difference between using lead chloride and perchlorate as influent is the concentration of 
free Pb(II) per influent volume.    When 0.01 M of PbCl2 and 0.01 M PbClO4 are used as 
influent in soil column experiments, the ionic strength of each differs because chloride 
ions show some tendency to complex with lead; whereas, perchlorate ions do not. 
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Figure 8.3   Effect of Influent pH on Adsorption of Free Lead (II) in a Soil    
Column. 
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Figure 8.4   Comparative Adsorption of Free Lead(II) for Different Lead Salts       
as the Influent.  
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Desorption Experiments in Batch System 
 
  Batch experiments were conducted to investigate the effect of calcium 
concentration and pH on Pb(II) desorption from soil contaminated with lead.    Also, the 
total exchangeable lead from 0.5 g of lead contaminated soil extracted using 20 mL of 0.5 
M calcium nitrate as recommended by Miller et al.,
12 was determined by measuring the 
Pb(II) concentration of the supernatant.    The amount of exchangeable lead from the soil 
is 20 mmol Pb/kg soil, which corresponds to about 40% of total lead on the soil.    Figure 
8.5 illustrates the effect of calcium concentration on lead desorption at a fixed pH of 5.5.   
The desorbed lead amount increases significantly at lower calcium concentration (i.e., 
less than 0.01 mM) with very slow increase at higher concentration.    Also, the effect of 
proton concentration on lead desorption is shown in Figure 8.6.    The pH of distilled 
water was adjusted to a range of 2.0 to 5.0 with the addition of nitric acid, which was 
used because of the strong stability of nitrate ion in solution.    The amount of lead 
desorbed from the contaminated soil increases exponentially as pH is reduced.    This 
explanation of proton effect corresponds to the result of calcium ion effect. 
  Figure 8.7 shows the effect of initial pH of 0.01 M calcium nitrate solution on 
lead desorption.    At a lower pH (less than 4) the desorption amount slightly increases 
with the decrease of pH due to mainly hydrogen ion effect. 
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Figure 8.5   Effect of Calcium Concentration on the Free Lead Desorption         
from Contaminated Soil at pH 5.5. 
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Figure 8.6   Effect of Proton Concentration on Free Lead Desorption from 
Contaminated Soil. 
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Figure 8.7   Effect of pH on Free Lead Desorption from the Contaminated Soil        
at 0.01 M Ca(NO3)2.  
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  Based on the results, for release of outer-sphere adsorbed lead to soil by cations, 
which are mainly calcium ion and proton, these interactions can be expressed as: 
 
    S-Pb + Ca
2+ ⇄ S-Ca + Pb
2+  (8.1) 
    S-Pb + 2H
+ ⇄ S-2H + Pb
2+  (8.2) 
 
where S represents the soil surface.    Both of Reaction (8.1) and (8.2) represent cation 
exchange reactions.    The amount of lead extracted by reaction (8.1) is called 
"exchangeable lead".    The master variables of the cation exchange reaction in soil 
solution are the concentrations of calcium ions and protons. 
 
 
Desorption Experiments in Soil Column 
 
  Figure 8.8 shows the results of varying the pH of a 0.01 M Ca(NO3)2 solution on 
Pb(II) desorption from contaminated soil as a function of pore volume.    Initially, the 
Pb(II) concentration was spiked to have a maximum value just above an effluent lead 
concentration of 8 mM.    All four desorption curves were nearly identical regardless the 
influent pH differences (column A, pH=5.7; column B, pH=4.6; column C, pH=3.8; 
column D, pH=3.2).    This is because the effluent pH values were buffered by the soil to 
nearly identical values, thus masking any pH effects.    Figure 8.9 represents the desorbed 
free lead percentage from the contaminated soil as a function of pore volume at three 
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Figure 8.8   Effect of Influent pH on Lead Desorption in a Soil Column Using    
0.01 M Calcium Nitrate. 
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Figure 8.9   Desorption of Lead from Contaminated Soil Using 100 mM of   
Ca(NO3)2 As an Influent at Various pH's.  
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different pH's of 100 mM calcium nitrate solution as an influent.    The data shows that 
there are no significant effects of influent pH on lead mobilization from the soil column. 
  The effect of varying the concentration of calcium nitrate as the influent on Pb(II) 
desorption is shown in Figure 8.10.    Pb(II) desorption curves for influent solutions 
consisting 1, 2, 5, and 10 mM Ca(NO3)2 are compared as a function of pore volume.    Of 
the desorption curves shown, column A (1 mM calcium nitrate) shows the slowest rate of 
lead desorption. 
  The effect of effluent flow rate was evaluated by flowing 0.01 M Ca(NO3)2 
through the soil column at a rate of 0.66 to 1.42 mL/min.    The desorption breakthrough 
curves have almost identical shapes regardless of flow rate (see Figure 8.11).    This 
indicates that over the range of study, only the number of pore volumes and not the pH 
and flow rate affect desorption of lead from the soil column. 
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Figure 8.10   Effect of Calcium Concentration on Lead Desorption in a Soil     
Column at a pH of 5.0. 
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Figure 8.11   Effect of Flow Rate of 0.01 M Ca(NO3)2 As an Influent on          
Lead Desorption in a Soil Column at pH 5.0.    
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  CONCLUSIONS 
 
  The following general conclusions can be made regarding the experimental 
results: 
 
1.  Increasing calcium nitrate concentration significantly improves the desorption of 
Pb(II) via a cation exchange reaction.    That is, the time required to recover lead 
from the contaminated soil during a soil column experiment is greatly reduced as 
the concentration of calcium nitrate in the influent is increased. 
 
2.  Varying influent pH has little affect on the rate of lead desorption in the soil 
columns due to the buffering capacity of the soil which maintained the effluent 
pH as the soil pH. 
 
3.  The adsorption process for Pb(II) in a batch reactor is so rapid that there appears 
to be an instantaneous uptake of the heavy metal by soil. 
 
4.  The effluent flow rate has no effect in mobilizing Pb(II) from the soil.  
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  ABSTRACT 
 
  Soil column studies were performed on the mobilization of lead from 
contaminated soil using citric acid.    The objective of this work was to investigate 
concentration, pH, and flow rate effects of citric acid as an extracting agent on lead 
mobilization from contaminated soil in laboratory-scale soil columns. 
  The effect of citrate concentration was studied by varying the concentration at a 
fixed pH of approximately 6.    A higher concentration of citric acid results in much faster 
rate of lead mobilization from the contaminated soil.    The effect of pH was also  
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investigated by varying the pH of 100 mM citric acid solution.    Differences in lead 
desorption rates between an influent pH of 4.5 and 6 were significant.    However, lead 
desorption curves for citric acid solutions at a lower pH values (pH<4.5) were nearly 
identical.    The effluent pH values were reached at those of the original influent pHs.   
The flow rate of influent has no effect in removing lead at a range of 0.1-1.0 mL/min.  
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  INTRODUCTION 
   
  The fate of lead in contaminated soil and aquifer systems is of great importance 
due to the high toxicity of lead when it is exposed to both humans and the environment.   
The concentrations of heavy metals in industrial and municipal wastes that have 
contaminated soils and sludges are generally several orders of magnitude higher than 
their concentrations in nature.
1  When lead is released into the environment it has a long 
residence time compared with most other pollutants.    As a result, Pb and its compounds 
tend to accumulate in soils and sediments.    Lead is generally not very mobile, and tends 
to remain relatively close to its point of initial deposition following its introduction into 
the environment.    Metallic lead and lead compounds are generally the principal 
contaminants of concern in soil and waste deposits.
2  Concentrations of up to 
approximately 20 wt% lead in soil have been noted at a number of industrial sites.
3,4 
  Organic acids such as succinic, oxalic, and citric, which form relatively stable 
complexes with metals have a greater potential to mobilize metals from soils than those 
that do not form stable complexes, such as formic and lactic acids.    Because low 
molecular weight organic anions function as organic ligands, they can increase the 
mobilization of heavy metal from contaminated soils (i) by replacing metal sorbed at soil 
surfaces through ligand-exchange reactions, (ii) by dissolving metal-oxide surfaces that 
contain sorbed metal, and (iii) by forming metal-organic complexes in solution.
5  Also, 
the previous work by our research group at OSU has shown that the characteristics of low 
molecular weight organic acids can be utilized as an agent in soil washing and flushing to   
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develop an innovative technology in the remediation of the soil contaminated with heavy 
metals.
6  In particular, the use of citric acid as an organic ligand has great economic 
advantages over EDTA on lead precipitation because of the ability of recovering the 
organic ligand.
7 
  Conceptually, the organic ligand enters into a surface complexation reaction, 
which is then followed by detachment of the lead-organic complexes into solution.    The 
release of structural lead as a form of metal hydroxide, which is called a weathering or 
dissolution of the mineral, can be represented as follows:   
 
S-PbOH
+ + HxL ⇄ S-PbHx-1L
+ + H2O ⇄ S-OH + PbHx-2L (aq) + 2H
+                     (9.1) 
 
  The objective of this research was to determine the feasibility of using citric acid 
to remove lead from contaminated soils in laboratory-scale soil columns.    The computer 
program GEOCHEM
8 was used to calculate the solution speciations of lead-citrate 
complexes.    The goal of the study was to provide insight into the feasibility of utilizing 
pump-and-treat technology to enhance lead mobility as a lead-organic complex.  
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  EXPERIMENTAL 
 
Materials 
 
  The contaminated soils were prepared by mixing fresh soil with 0.01 M of lead 
chloride solution for 24 hr.    The air-dried soil was put through a 2.3-mm sieve and then 
stored for later use.    The procedure of the preparation of contaminated soil was 
described in previous works.
6,7  Also, citrate as an extracting agent was prepared at the 
desired pH by mixing citric acid and potassium citrate. 
 
 
Experimental Procedure 
 
  The majority of the work presented here was conducted in laboratory-scale soil 
columns.    The soil was packed into a 1-in. ID x 5-in.long plexiglass column.    Both 
ends of the column were fitted with rubber stoppers with a small hole.    Perforated 
plexiglass disks and filter paper were placed at the base of each column to prevent the 
loss of soil during the experimental tests.    Tubing was connected to fittings threaded 
into the end rubber caps to allow for the introduction of dilute organic acid and the 
collection of effluent sample solutions. 
  After the soil column was packed with the soil, it was saturated by flowing DDW 
through the top of soil column with a pump.    This step reduces channeling further by 
removing entrained air from the soil column.    The soil weight and packing depth were  
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recorded for each soil column.    The column effluent was collected, and the pH and 
volume of each effluent sample were determined immediately after collection.    Then, 
the solution was acidified to pH 2.0 with HNO3 and stored for further lead analysis.    The 
lead concentrations of the leachate and digested solids were analyzed by using a Perkin-
Elmer Model 4000 Atomic Absorption Spectrophotometer (AAS).    The experimental 
conditions for lead mobilization from the soil using citrate were summarized in Table 9.1. 
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Table 9.1   Experimental Conditions for Lead Mobilization Using Citrate. 
 
Experimental 
No. 
Influent pH  Influent conc. 
(mM) 
Flow rate 
(mL/min) 
Soil weight 
(g) 
1        6.0         1    0.524       30 
2        6.0        10    0.430       30 
3        6.0        50    0.570       30 
4        6.0       100    0.565       30 
5        6.0       100    1.0       30 
6        4.5       100    0.364       30 
7        3.7       100    0.365       30 
8        3.3       100    0.370       30 
9        6.0       100    0.109       30 
10        6.0        10    0.205       30  
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  RESULTS AND DISCUSSION 
 
Effect of Citric Acid Concentration on Lead Mobilization 
 
  The effect of citrate concentration on lead mobilization from contaminated soil 
was evaluated in laboratory-scale soil column.    The curves for lead desorption by 
extracting solutions at 1, 10, 50, and 100 mM concentrations, respectively, and at a fixed 
pH of 6 are compared as a function of pore volume in Figure 9.1.    Each line connected 
between experimental data was drawn using a computer curve-fitting program.    As 
expected, the citrate concentration significantly affected the removal of lead from 
contaminated soil.    Of the desorption curves shown, column D (100 mM citrate) shows 
the fastest rate of lead desorption; whereas, the use of 1 mM citrate results in the lowest 
rate of lead mobilization. 
  The citric acid attaches to the surface of the lead-contaminated-soil through a 
surface complexation reaction, which is then followed by the detachment of the lead-
citrate complexes into solution.    Essentially all of the extracted lead from the soil forms 
lead-citrate complexes at a pH of 6.    The mechanism of lead mobilization from 
contaminated soil using a tricarboxylic acid can be expressed as follows: 
 
S-PbOH
+ + H3L ⇄ S-PbH2L
+ + H2O ⇄ S-OH + PbHL (aq) + 2H
+    (9.2) 
 
Also, the effect of citric acid concentration on the lead removal is shown as a function of 
pore volume in Figure 9.2.    The total lead removed using citrate of 10 and 100 mM,  
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Figure 9.1   Effect of Citrate Concentration on Lead Mobilization from    
Contaminated Soil in a Soil Column. 
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Figure 9.2   Effect of Citrate Concentration on Lead Mobilization Expressed as     
Total Lead Removed. 
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respectively, were compared to evaluate the effect of the concentration of citrate in 
removing lead.    The curve of total lead removed quickly levels off at approximately   
75%    in 15 pore volumes, but the use of 10 mM citrate shows the proportional increase 
with the pore volumes, which means the incomplete desorption during this experimental 
run. 
 
 
Effect of Influent pH on Lead Mobilization 
 
  Figure 9.3 illustrates the results of varying pH of the 0.1 M citrate solution on 
lead desorption from contaminated soil in a soil column.    This figure shows the 
significance of the competition between protons (logK=5.69) and lead (logK=4.08) for 
citric acid binding, which probably explains the decrease in the lead leached out at a 
lower pH.    Therefore, a higher pH citrate solution is more effective on the lead removal 
from contaminated soil because citrate competes with proton and lead at lower pH's.   
All three desorption curves were nearly identical regardless of the influent pH differences 
(column B, pH=4.5; column C, pH=3.7; column D, pH=3.3).    The results at pH 6.0 are 
nearly identical to those at lower pHs at 1 or 2 pore volumes, however, significantly 
increase with number of pore volumes.    After 10 pore volumes, total lead removed 
reaches 60%, which is approximately two times larger than those at    lower pHs. 
  The changes in effluent pHs during the run are shown in Figure 9.4.    At about 
one pore volume, each effluent pH decreases down to its minimum value due to the 
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Figure 9.3   Effect of pH of 0.1 M Citrate As an Influent on Lead Mobilization     
from Contaminated Soil in a Soil Column. 
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Figure 9.4   Change in Effluent pH as a Function of Pore Volume at Various     
Influent pHs.  
    152 
production of proton during the metal complexation process (see Reaction 9.2).    Then, 
the effluent pH values level off at their original values in five pore volumes, which means 
that the effluent pH values were buffered to nearly initial values.     
  The effluent pH and the change in proton concentration using 100 mM citrate at 
a pH of 6 and a flow rate of 0.1 mL/min are plotted in Figure 9.5.    Each effluent pH was 
converted to the proton concentration using a relationship of [H
+]=10
-pH M.    The 
effluent pH increases slightly within one pore volume followed by a rapid decrease in pH, 
which corresponds to the spike in the change of proton    concentration.    Due to the 
proton produced by the ligand exchange reaction during the early period of experiment, 
the effluent pH significantly decreases.    Afterwards the effluent pH levels off to its 
influent pH value.   
 
 
Effect of Effluent Flow Rate on Lead Mobilization 
 
  The effect of influent flow rate was evaluated by flowing 0.1 M citrate with a pH 
of 6 through the soil column at flow rates of 0.1 and 1.0 mL/min.    The experimental data 
for the two cases show nearly identical shapes in Figure 9.6, which indicates that 
desorption amounts at these two flow rates are quite close.    Almost 80% of total lead 
was desorbed from the soil in approximately 15 pore volumes at all flow rates.    The 
fraction desorbed is obtained by the dividing the quantity desorbed by the initial amount 
of lead on the contaminated soil. 
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Figure 9.5   Change in Proton Concentration During Lead Mobilization in a Soil 
Column Using 100 mM Citrate at a Flow Rate of 0.1 mL/min and       
a pH of 6. 
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Figure 9.6   Effect of Influent Flow Rate on Lead Removal from Contaminated   
Soil at 100 mM Citrate and a pH of 6.  
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  CONCLUSIONS 
 
  The following general conclusions can be made regarding the experimental 
results: 
 
1.     Increasing citrate concentration significantly improves the lead desorption rate 
through the ligand exchange reaction in the soil column. 
 
2.    The use of citrate at a pH of 6 greatly increases the total lead removed because of 
less competition between lead and proton for binding citric acid. However, there 
is no significant effect of influent pH at removing lead below pH 5. 
 
3.    The flow rate of influent has no effect on lead desorption in a soil column.  
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  ABSTRACT 
 
  To have a better remediation performance of lead contaminated soils using 
calcium and citrate ions, the fate and transport of lead through soils have to be 
investigated and understood.    The objective of this work was to develop and verify an 
inorganic solute transport mathematical model to predict lead mobilization through the 
soil column.    This model was developed under the assumption of one-dimensional flow 
through a homogeneous porous medium.    A simplified model was also developed by 
assuming no dispersion effect, no immobile aqueous-phase zone, and linear desorption 
kinetics.    An analytical solution of the simplified equation was obtained by solving a  
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partial differential equation using a Laplace transform method.    The computer 
simulations were fitted to experimental data using estimates for model parameters which 
could not be obtained independently in experiments. 
  The dimensionless number (Nv) was correlated as a function of influent 
concentration of calcium for lead mobilization via cation exchange.    Also Nv was 
correlated as a function of influent concentration and pH of citrate for lead mobilization 
via ligand exchange.    At high concentration and pH of influent, this model equation 
fitted very well with the experimental data.  
    159 
  INTRODUCTION 
 
  Groundwater is of great importance in providing fresh water resources.    Over 
the past several decades, many cases of groundwater contamination by heavy metals have 
been discovered.    Such contamination exposes humans as well as the environment to 
danger.    Decisions on hazardous waste disposal, site remediation, and groundwater 
protection often have far reaching environmental and economic consequences.    It is 
imperative that these decisions be supported by an understanding of the contaminants and 
their transformation in the environment.    To predict the movement of lead through the 
contaminated soils, its transport mechanisms and its interactions with organic acids and 
soil matrix need to be investigated and better understood. 
  Generally, chemical transport in the subsurface flow is a complex process.   
Mathematical models that describe contaminant transport can involve substantial 
contributions from the basic displines of mathematics, biology, physics, and chemistry.   
There have been a number of solute transport models for organic and inorganic chemicals 
including an excellent review of all models potentially applicable to waste disposal 
modeling.
1-4  Most of those models are based on the same convective-dispersive 
transport model (CDM).
5,6  The CDM equation is the foundation upon which numerous 
mathematical analyses of solute transport in porous media have been based.    The 
differences among those models are due to the adsorption or desorption kinetics that 
applied in the solute transport models.
7  Under certain limiting conditions such as low 
apparent dispersion, all solutions of the classical CDM yield symmetrical concentration 
distributions in time and space.  
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  The objective of this work was to develop and verify a lead transport 
mathematical model to predict the mobilization of lead from contaminated soil in 
laboratory-scale columns by two mechanisms such as cation (calcium ion) exchange and 
ligand (citrate) exchange reactions studied in the previous works.
8,9  
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    MATHEMATICAL MODEL DEVELOPMENT 
 
  A simplified model for this system of transporting metal ions from soil surface to 
aqueous phase can be based on the following two assumptions: 
 
  (1)   No longitudinal dispersion. 
  (2)   No immobile aqueous phase zone effect (or rapid transport from the 
immobile zone to the mobile zone). 
 
Refer to the elementary section of the column as shown in Figure 10.1 and assume that 
soil particles are uniform size and spherical shape, the basic material balance for any 
component moving through the column is: 
 
  Input + Production = Output + Accumulation  (10.1) 
 
In particular, for a single component in the aqueous-phase of the system: 
 
  accumulation = -(out-in)convective flow + production by desorption    (10.2) 
 
The individual terms (in mol/time) for the aqueous-phase are as follows: 
 
Entering by convective flow: (CuA)z 
Leaving by convective flow: (CuA)z+Δz  
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Figure 10.1   The Elemental Section of Soil Column.  
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Production by desorption: -AΔz(1-ε)Ss/t 
Accumulation: AΔzε C/t 
 
where    C is the solute concentration in the mobile aqueous-phase zone, 
       Ss is the solute concentration on the particle surface, 
  t is the time, 
  u is the mobile superficial velocity, 
  z is the position from the top of the column, 
  ε is the void fraction of the aqueous-phase in the column, 
 
Note that concentration in the aqueous phases are functions of time and position: 
C=C(t,z).    Whereas, concentration on the surface of the soil is a function of time only: 
Ss=Ss(t). 
  Here we have considered the velocity of the fluid and the cross-sectional area of 
the column (A=πR
2) to be constant.    So taking limits as Δz  0, we obtain a partial 
differential equation as follows: 
 
  (10.3)   
 
where        At t = 0      C = 0  (10.4)   
and        At z = 0      C = 0  (10.5)   
  
    164 
The mass balance in the soil is expressed in terms of linear desorption kinetics which 
may be written by 
 
(10.6) 
 
The initial condition is   
At t =0      Ss = Sso  (10.7) 
 
The concentration (Ce) at the exit (z=L) of the column then can be obtained by solving 
Eqs. (10.3) ~ (10.7).    The solution can be expressed as follows 
 
  •  when 0  t < εL/u 
 
 
  •  when t  εL/u 
 
  Ce  = 
(1-ε)
ε Sso[1 - exp(-kt)]  (10.8) 
  Ce  = 
(1-ε)
ε Sso[exp(-k(t-
εL
u )) - exp(-kt)]  (10.9)  
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The total amount of mobilized heavy metal can then be calculated by integrating Ce with    
respect to time as follows: 
 
(10.10) 
 
where MT is the total amount of desorbed metal from soil.    Therefore, MT is expressed 
in terms of time. 
 
  Generally, it is convenient to describe Eqs. (10.9) and (10.11) in terms of the   
number of pore volumes (Np), which is a very useful dimensionless number in soil 
column studies.    The Np can be defined as follows: 
 
 
Substituting Eq. (10.12) into Eqs. (10.9) and (10.11), respectively, when the number of 
pore volumes, Np > 1, gives: 
 
 
MT  = 
(1-ε)
kε uASso[exp(-kt)-exp[-k(t-
εL
u )]+1-exp(-
kεL
u )]  (10.11) 
  Np  = 
Total effluent volume
One pore volume   = 
uAt
εAL  = 
ut
εL  Þ    t = 
εL
u Np  (10.12)  
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and   
 
For simplicity, another dimensionless number (Nv) is introduced.    It is defined as: 
 
Now Eqs. (10.13) and (10.14) can be rewritten as: 
 
and 
 
 
where VT (=AL) is the total volume of a soil column.   
 
  Ce  = 
(1-ε)
ε Sso[exp(-
kεL
u (Np-1)) - exp(-
kεL
u Np)]  (10.13) 
MT  = 
(1-ε)
kε uASso[exp(-
kεL
u Np)-exp(-
kεL
u (Np-1))+1-exp(-
kεL
u )]  (10.14) 
  Nv  = 
Rate of desorption
Rate of macroscopic transport  = 
kεL
u   (10.15) 
  Ce  = 
(1-ε)
ε Sso[exp(-Nv(Np-1)) - exp(-NvNp)]  (10.16) 
MT  = 
(1-ε)
Nv
VTSso[exp(-NvNp) - exp(-Nv(Np-1))+1-exp(-Nv)]  (10.17)  
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  RESULTS AND DISCUSSION 
 
Parameter Estimation through Cation Exchange Experiments   
 
  The dimensionless number of Nv, which is defined as kεL/u, in the proposed 
model was estimated to investigate the effects of variables (i.e., concentration, pH, and 
flow rate of calcium nitrate solution as an extracting agent) in soil column experiments.   
Figure 10.2 represents the profile of effluent lead concentration as a function of pore 
volume at various initial pHs of influent extraction agent.    The range of pH 3-6 was 
selected to determine the impact of initial pH on the dimensionless number in the 
proposed model.    Each Nv value was obtained using a computer program called EZFIT.   
With the calculated Nv, the simulated results match well with the experimental data for 
all conditions (see Figure 10.2).    Based on the information of the results, no effect of 
influent pH on lead mobilization using calcium ions was elucidated (see Figure 10.3).   
The Nv values for various pHs used for the study of pH effect are approximately 0.1.    At 
the pH range used, cation exchange reaction is not influenced by the proton (H
+) for the 
competition to exchange with lead ions onto contaminated soil. 
  The effect of effluent flow rate on lead mobilization was evaluated using 100 
mM of calcium nitrate solution in Figure 10.4.    The simulated results by this model fit 
well with the experimental data varying flow rate.    The parameter Nv was nearly 
constant at this range (see Figure 10.5).    It is concluded that the lead desorption is not 
influenced by the flow rate. 
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Figure 10.2   Effect of Influent pH on Lead Mobilization Using 100 mM Calcium 
Nitrate. 
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Figure 10.3   Effect of Influent pH on the Dimensionless Number, Nv. 
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Figure 10.4   Effect of Effluent Flow Rate on Lead Mobilization Using 100 mM 
Calcium Nitrate. 
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Figure 10.5   Effect of Effluent Flow Rate on the Dimensionless Number, Nv.  
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  Also, the Nv values were obtained at various influent concentrations in Figure 
10.6.    The Nv value increases significantly as the influent concentration increases.    The 
higher operating concentrations of extracting agent are more favorable for lead 
mobilization; that is due to more calcium ions being available for cation exchange 
reaction.    The major conclusion to be drawn from this study is that influent 
concentration is the most important factor for lead mobilization via cation exchange. 
 
 
Parameter Estimation through Ligand Exchange Experiments 
 
  The effects of influent concentration, influent pH, and effluent flow rate on the 
parameter Nv in the proposed model were also investigated using citric acid as an influent 
in a laboratory-scale soil column. 
  The dimensionless number, Nv, is obtained from the parameter estimation 
program EZFIT to evaluate the effect of influent pH on lead mobilization from 
contaminated soil.    The Nv values are related to the results of the batch experiment.   
The lead ion competes with proton in solution for the citrate binding sites at a lower pH.   
Therefore, the use of influent at a higher pH is more effective at mobilizing lead from the 
soil column (see Figure 10.7).    Due to the competition between proton and lead for 
citrate binding, this result is quite different from that of lead mobilization via cation 
exchange. 
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Figure 10.6   Effect of Influent Concentration on the Dimensionless Number, Nv. 
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Figure 10.7   Effect of Influent pH on Nv Using Citric Acid.    
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  The effect of effluent flow rate on lead mobilization at the flow rates of 0.1 and 
1.0 mL/min was evaluated to determine Nv.    The Nv values stay constant over the range 
(see Figure 10.8). 
  Also, the effect of influent concentration was evaluated to compare with the 
parameter in the range of 10-100 mM.    Figure 10.10 shows the Nv values as a function 
of influent concentration.    At a range of 10-50 mM of citric acid, the Nv value increases 
greatly followed by a slow increase above 50 mM.    Again, the influent concentration 
effect is particularly interesting, since desorption of lead increases with increasing 
concentration.   
 
 
Model Parameter Correlation 
 
  Two empirical equations were developed for lead mobilization via cation 
exchange and ligand exchange reaction, respectively.    As shown in previous section, the 
Nv values were affected by influent concentration only in using calcium ions, but by both 
influent concentration and pH in using citric acid.    The relationship between Nv and 
influent concentration for cation and ligand exchange, respectively, were correlated using 
a non-linear regression in Figure 10.10.    In case of concentration correlation, the Nv 
value is assumed to be zero when influent concentration is equal to zero because the 
previous results show very low removal in lead mobilization using distilled water only.   
Therefore, two correlations are found using non-linear exponential simulation as follows: 
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Figure 10.8   Effect of Effluent Flow Rate on Nv Using Citric Acid. 
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Figure 10.9   Effect of Influent Concentration Nv Using Citric Acid. 
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Figure 10.10   Plot of Nv as a Function of Influent Concentration Obtained from    
Non-Linear Regression for Lead Mobilization Using Calcium and    
Citrate Ions.  
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•  via cation exchange reaction:   
 
•  via ligand exchange reaction 
 
Also, the effect of influent pH was correlated in Figure 10.11 using a linear relationship 
between Nv and pH as follows: 
 
  Also, the values of all constants in Eqs. (10.18) ~ (10.20) obtained from the non- 
and linear regression were shown in Table 10.1.    Due to the same tendency of the curves 
for the relationship between dimensionless number (Nv) and influent concentration, the 
value of a2 in Eq. (10.19) should be same in all cases.    Therefore, the constant of a1 can 
be obtained by substituting the value of Nv determined using Eq. (10.20) into Eq. (10.19) 
at [citrate]=100 mM as follows: 
 
  Nv  = a1  [1 - exp(-a2  [Ca2+])  (10.18) 
  Nv  = a1  [1 - exp(-a2  [Citrate])  (10.19) 
  Nv  = b1  + b2  pH  (10.20) 
  a1  = 
b1 + b2 [pH]
1-exp(-100 a2)–  (10.21)  
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Table 10.1.   The Constant Values in Eqs. (10.18) ~ (10.20) 
 
Equation No.  a1  a2  b1  b2 
10.18  0.9412  0.0126  -  - 
10.19  0.1953  0.0271  -  - 
10.20  -  -  -0.01904  0.03292 
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Figure 10.11   Plot of Nv as a Function of Influent pH Obtained from Linea r 
Regression for Lead Mobilization Using Citrate at Various Influent   
pHs in Lead Mobilization.  
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Substitution of Eq. (10.21) into Eq. (10.19) gives: 
 
 
Figure 10.12 shows the profiles of Nv as a function of influent pH at various influent pH's 
using Eq. (10.22).    The empirical equation quite fits very well to the obtained values of 
Nv.   
  The dimensionless number of Nv calculated from the Eq. (10.22) at a pH of 6 
was used to plot the fraction of total lead removed from contaminated soil in a soil 
column (see Figure 10.13).    The simulated result using 100 mM citrate at an influent pH 
of 6 matches quite well with the experimental data.    However, the predicted curve 
shows a little deviation from the experimental data at a range of less than 20 pore 
volumes.    Also, the simulated curves are compared with the experimental data using 100 
mM citrate at various influent pHs in Figure 10.14.    The experimental data at lower pHs 
(3.7 and 4.5) shows the relatively lager divergence than that at a pH 6. 
   
  Nv  = 
b1 + b2 [pH]
1-exp(-100 a2)[1 - exp(-a2  [Citrate])]  (10.22)  
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Figure 10.12   Plot of Nv Calculated from Eq. (10.22) as a Function of Influent 
Concentration. 
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Figure 10.13   Comparison of Simulated Results with Experimental Data at Two 
Concentrations of Citrate. 
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Figure 10.14   Comparison of Simulated Results with Experimental Data at     
Various Influent pHs.  
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  CONCLUSIONS 
 
  A theoretical model was developed, describing the desorption process as a linear 
irreversible kinetic.    The following summarizes the major features of the present work. 
 
1.  The calculated Nv values show that the cation exchange reaction is faster than the 
ligand exchange reaction. 
 
2.  The major variable affecting the desorption rate constant in lead mobilization is 
influent concentration for both cation and ligand exchange reactions. 
 
3.  The influent pH and flow rate have no effect on mobilizing lead from the soil via 
cation exchange reaction. 
 
4.  In the case of the ligand exchange reaction, the dimensionless number, Nv, 
significantly decreases at a lower pH. 
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NOTATION 
 
A = cross-sectional area of the column, m
2 
a1, a2 = constants in Eqs. (10.18) and (10.19) 
b1, b2 = constants in Eq. (10.20) 
Ce = effluent concentration, mol/L 
C = solute concentration in the mobile aqueous-phase zone, mol/L 
D = dispersion coefficient in the aqueous-phase, m
2/sec 
k = desorption rate constant, sec
-1 
L = length of a soil column, m 
MT = total desorbed amount, mol 
Np = dimensionless number defined by Eq. (10.12) 
Nv = dimensionless number defined by Eq. (10.15) 
Ss = solute concentration on the particle surface, mol/L 
Sso = initial solute concentration on the particle surface, mol/L 
t = time, hr 
u = mobile superficial velocity, m/sec 
VT = total volume of the column, m
3 
z = position from the top of the column, m 
ε = void fraction of the aqueous-phase in the column,  
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CHAPTER XI: 
SUMMARY 
 
  The results obtained from speciation calculations indicated that each heavy metal 
in solution showed different characteristics based on the distribution of free metal ions as 
a function of pH.    The two most important fractions of heavy metal speciation were the 
free metal ion and solid form as a metal hydroxide.    Higher values of pH favored the 
formation of solid metal hydroxide.    Also, the organic ligands consisted of free ligand 
anions and complex forms with protons which vary with solution pH. 
  Significant amounts of copper and zinc were removed from the contaminated soil 
by both oxalic and succinic acids; however, neither acid was very effective at removing 
lead from the contaminated soil.    Citric acid was the most effective among four acids 
(acetic, citric, oxalic, and succinic acids) at removing lead from the contaminated soil.   
Oxalic acid was not effective at removing lead    from the soil, because of precipitation of 
the lead-oxalate complex from the solution. 
  At a citric concentration of 100 mM, over 70-80% of copper, lead, and zinc were 
mobilized and all metals extracted were complexed with citrate as various forms.    The 
subsequent pH elevation by hydrated lime, Ca(OH)2, causes the decomplexation of Pb-
citrate and initiates precipitation of lead hydroxide.    Results suggest that slightly 
alkaline conditions (pH 8.5), which are much lower than that used with EDTA, are 
needed for substantial precipitative removal of the lead.    Therefore, the use of citric acid 
to remove heavy metals from contaminated soils would be less costly than using EDTA. 
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  Increasing calcium nitrate concentration significantly improved the Pb(II) 
desorption via a cation exchange reaction.    That is, the time required to recover lead 
from the contaminated soil during a soil column experiment was greatly reduced as the 
concentration of calcium nitrate in the influent was increased.    Varying influent pH had 
little effect on the rate of lead desorption in the soil columns due to the buffering capacity 
of the soil, which maintained the effluent pH at the soil pH. 
The effluent flow rate had no effect on mobilizing Pb(II) from the soil.    The adsorption 
process for Pb(II) in batch reactor was so rapid that there appears to be an instantaneous 
uptake of the heavy metal by the soil. 
  The effect of citrate concentration was studied by varying the concentration at a 
fixed pH of approximately 6.    A higher concentration of citric acid results in a much 
faster rate of lead mobilization from the contaminated soil.    The effect of pH was also 
investigated by varying the pH of 0.1 M citrate solution.    Differences in lead desorption 
rates between influent pHs of 4.5 and 6 were significantly high.    However, lead 
desorption curves for citrate solution at a lower pH value (pH<4.5) were nearly identical.   
The effluent pH values approached those of the original influent pHs.    The flow rate of 
effluent has no effect at removing lead in the range of 0.1-1.0 mL/min. 
  This model was developed under the assumption of one-dimensional flow 
through a homogeneous porous medium.    A simplified model was also developed by 
assuming no dispersion effect, no immobile aqueous-phase zone, and linear desorption 
kinetics.    An analytical solution of the simplified equation was obtained by solving a   
 
  
    191 
partial differential equation.    The computer simulations were fitted to experimental data 
using estimates for model parameters which were not obtainable independently in 
experiments.    At higher concentrations and pH of the influent, this model presented here 
fitted well with the experimental data.   
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CHAPTER XII: 
  RECOMMENDATIONS FOR FUTURE WORK 
 
1.  A transport model of lead mobilization from contaminated soil should be applied 
to other heavy metals and organic acids, and should include the parameters of 
dispersion, adsorption, and immobile zone. 
 
2.  Experiments at a much higher and lower flow rates should be conducted to 
determine some limitations in applying the proposed model. 
 
3.  Adsorption and dispersion terms    in the presented model should be considered to 
better predict the transport of lead in a soil column. 
 
4.  The effluent concentrations of lead species with citric acid should be measured 
using an Ion Chromatograph. 
 
5.  The role of organic acids on mobilizing heavy metals from real contaminated 
soils (i.e., Superfund sites) should be evaluated for pilot- and field-scale 
applications. 
 
6.  Biodegradabilities of heavy metals complexed with low-molecular-weight 
organic acids should be evaluated to test their toxicity of heavy metals. 
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7.  An economic evaluation of the process using this technology should be 
performed to compare with other available techniques for heavy metal 
remediation. 
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APPENDIX I.    The Expression of Ss in Terms of Soil Particle Surface Area in 
Chapter X. 
 
 
  If a soil particle has a density of ρ and a radius of ro, the total weight of soil in a 
soil column is AΔz(1-ε)ρ and the weight of one soil particle is 4πro
3ρ/3.    Therefore, the 
total numbers of soil particles in a column (N) is as follows: 
 
 
The term of production by desorption can be expressed as follows: 
 
  4πro
2   N Ss/t = -[3AΔz(1-ε)/ro]Ss/t 
 
  Therefore, Eq. (10.3) can be revised as   
 
  N = 
AΔz(1-ε)ρ
4
3πr
3
oρ
  = 
3AΔz(1-ε)
4πr
3
o
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  The solution can be expressed as follows: 
 
  •  when 0  t < εL/u 
 
 
  •  when t  εL/u 
 
 
 
Now Eqs. (10.13) and (10.14) can be rewritten as: 
 
and 
 
   
 
   
  Ce  = 
3(1-ε)
εro
Sso[1 - exp(-kt)] 
  Ce  = 
3(1-ε)
εro
Sso[exp(-k(t-
εL
u )) - exp(-kt)]   
  Ce  = 
3(1-ε)
εro
Sso[exp(-Nv(Np-1)) - exp(-NvNp)]   
MT  = 
3(1-ε)
Nvro
VTSso[exp(-NvNp) - exp(-Nv(Np-1))+1-exp(-Nv)]    
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APPENDIX II.    Analytical Solution of Eq. (10.3). 
 
  An analytical solution of Eq. (10.3) can be obtained by using Laplace transform 
method. 
   
  (10.3)   
where  At t = 0      C = 0  (10.4)   
and  At z = 0      C = 0  (10.5)   
 
The mass balance in the soil is expressed in terms of irreversible kinetics which may be 
written by 
 
The initial condition is   
 
  At t =0      Ss = Sso    (10.7)   
 
Solving Eq. (10.6) using an initial condition of Eq. (10.7), 
 
  Ss = Ssoexp(-kt)  (A.1) 
 
 
 
 
  -
dSs
dt   = kSs  (10.6)  
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Substituting Eq. (A.1) into Eq. (10.3) gives 
 
(A..2) 
 
 
Making Laplace transform of Eq.(A.2) to remove the variable t, the transform of Eq.(A.2) 
is obtained as follows: 
 
 
Rearranging Eq.(A.3) to get a first-order linear ordinary differential equation gives 
 
 
Solving an ordinary differential equation of Eq.(A.4) gives, 
 
 
where A is a constant. 
 
 
 
  ε[s C (s,z)-C(0,z)]+u
d C (s,z)
dz =
k(1-ε)Sso
(s+k)   (A.3) 
 
d C (s,z)
dz +
εs
u C (s,z)=
k(1-ε)Sso
u(s+k)   (A.4) 
  C (s,z)=A exp(-
εz
us) + 
k(1-ε)Sso
u(s+k)
u
εs   (A.5)  
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Applying an initial condition, which is C(s,0)=0 at z=0, to obtain a constant of A, 
 
 
Substituting Eq.(A.6) into Eq.(A.5) 
 
 
 
Rearranging Eq.(A.7) and taking inverse Laplace transform, C(z,t) is obtained when     
t > εL/u: as follows: 
 
 
 
 
 
  A = -
k(1-ε)Sso
εs(s+k)   (A.6) 
  C (s,z) = -
k(1-ε)Sso
ε
1
s(s+k)[exp(-
εz
us)-1]   (A.7) 
  C(z,t) = 
1-ε
ε Sso[exp(-k(t-
εz
u)) - exp(-kt)]   (A.8) 